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 ABSTRACT 
 
 
Abstract:  Forested wetlands in Louisiana are hydrologically isolated from the 
Mississippi River, impounded by manmade structures, impacted by saltwater intrusion, 
and are sinking, resulting in more frequent flooding for longer periods.  Additionally, 
defoliation of the two dominant trees, baldcypress (Taxodium distichum L. Rich) and 
water tupelo (Nyssa aquatica L.), occur frequently during spring.  In Louisiana, the 
baldcypress leafroller, BCLR, (Archips goyerana Kruse) and the forest tent caterpillar, 
FTC, (Malacosoma disstria Hubner) defoliate up to 120,000ha of baldcypress-tupelo 
swamps.  Restoration plans call for reintroducing Mississippi River water (diversions) to 
increase sediment elevation, promote natural regeneration, and enhance primary and 
secondary productivity.  In this study, insect-tree-health relationships were evaluated in 
field and in multifactor, greenhouse and larval rearing experiments incorporating these 
environmental stressors and nutrient enhancements under simulated diversion 
conditions.   
It was ascertained from three field sites of varying tree density/health in Lake 
Maurepas swamps that nutrient augmentation (similar to N and P loading rates 
expected from 8000cfs diversion) increased stem growth of both tree species (more for 
cypress than tupelo) at moderately degraded sites.  Nutrient augmentation also 
increased nitrogen in foliage, insect frass (insect feces), spring-clipped leaves, and 
abscised litterfall at all sites for both tree species.  Nitrogen content of canopy foliage 
and litterfall was positively correlated with site health.  These findings support the 
hypotheses that the swamps in Lake Maurepas are nutrient limited, and the existing 
trees can utilize, benefit, and act as nutrient sinks for nutrient-laden river water 
 vii 
 viii 
accompanying diversions.  Positive insect responses to nitrogen found in lab rearing 
assays and field studies that defoliators are receiving nitrogen augmentation, and insect 
field populations might increase, particularly the FTC.  
The greenhouse study demonstrated that the combination of nutrient deprivation 
and flooding lead to the “poor” sapling growth, which was similar to the growth in the 
salt-stressed (3ppt) saplings.  Encouragingly, when fresh water and nutrients were 
supplied to saplings after prolonged stresses of defoliation, flooding, and salt stress, 
growth was restored.  Taken collectively, these studies demonstrated that river 
diversions are viable management tools for improving health and productivity of 
declining forested wetlands.   
CHAPTER 1  
OVERVIEW  
 
1.1  Importance of Forested Wetlands 
Forested wetlands are an important component of the southern United States 
coastal ecosystems. Cypress-tupelo swamps represent a distinct and important portion 
of these forested wetland systems and generally found along rivers and streams of the 
Atlantic Coastal Plain from Delaware to Florida, along the Gulf Coast Plain to 
southeastern Texas, and up the Mississippi River to southern Illinois (U.S. Division of 
Timber Management Research 1965). The southcentral United States contains an 
estimated 650,000 hectares of this type (Rosson et al 1988).  Swamps play a critical 
role in the biogeochemical cycles, serve as nutrient and sediment sinks that enhance 
water quality, and support fresh water and saltwater commercial fisheries through 
transport of organic debris to many aquatic food webs (Taylor et al 1990, Mitsch and 
Gosselink 1993, Walbridge 1995).  They provide cover for resident and transient 
species of fish and wildlife, surface water and/or moist soil important for wading birds 
and waterfowl, and serve as dispersion and migration corridors (Brinson 1981). 
Baldcypress (Taxodium distichum (L.) Rich.) is one of the most commercially and 
ecologically valuable tree species of these southeastern floodplain forests (Brown and 
Montz 1986).  Heartwood from old growth cypress swamps (and to a lesser extent 
second growth cypress) is extremely durable.  Ecologically, cypress also is the keystone 
species for many game species and formerly or presently threatened and endangered 
species such as the bald eagle (Haliaeetus leucophalus (L.)), Louisiana black bear 
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(Ursus americanus luteolus Griffith), American alligator Alligator mississippiensis 
(Daudin)), and Florida cougar (Felis concolor coryi (Bangs)) (Dennis 1988).   
1.2  Wetland Restoration Issues in Coastal Louisiana 
Baldcypress was a dominant tree when European settlers first arrived in the 
coastal plain of the southern United States (Matoon 1915).  However, in the early 
1900’s, Louisiana swamps were harvested en masse (Mancil 1980).  A USDA forest 
survey estimates that some 647,500 ha of swamp were harvested by 1934 (Norgress 
1947).  At present, many of these areas have not naturally regenerated, and it is 
projected nearly half (93,883 ha) of the swamp remaining could be lost despite current 
restoration efforts (Louisiana’s Coastal Wetlands Conservation and Restoration Task 
Force 1993 [hereafter sited as LACWPPRA 1993], Louisiana’s Coastal Wetlands 
Conservation and Restoration Task Force, and the Wetlands Conservation and 
Restoration Authority 1998 [hereafter cited as LACOAST 2050 1998]).  Factors 
suspected to be causing swamp demise are prolonged stagnant flooding and saltwater 
intrusion resultant from subsidence, global sea level rise, and impoundment by canal 
dredging (Conner and Toliver 1987, Conner and Day 1988, Greene 1994, Myers et al. 
1995, Turner 1997, LACOAST 2050 1998).  In addition, isolation of riverine inputs from 
the Mississippi River into swamps, mainly due to leveeing, may also be a limiting factor 
for swamp health (Mossa 1996, LACOAST 2050 1998).   
In addition to this wetland loss, the quality of the in the Mississippi River Basin 
has declined due to increasing use of fertilizers, enhanced drainage and the loss of 
wetlands important for cleaning the water (Day et al. 2003). High nitrogen level in the 
Mississippi River is causing a large area of hypoxia in the Gulf of Mexico adjacent to the 
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Mississippi Delta (Day et al. 2003).  When considering the problematic issues of 
wetlands deteriorating throughout the basin due to nutrient limitation and lack of 
exchange with the Mississippi River, the only ecologically sound and cost-effective 
method of solving these problems is to use wetlands to promote nitrogen removal (Day 
et al. 2003).  Replenishing hydrological activity can restore the nutrient-stressed 
swamps and marshes.  Vertical accretion occurs directly by sediment deposition (Hatton 
et al. 1983), and nutrients associated with these sediments promote further accretion 
through organic soil formation from wetland plant production (Hatton et al. 1983, 
Baumann et al. 1984, Templet and Myer-Arendt 1988, and Day and Templet 1989 
Nyman et al. 1993ab, Cahoon et al. 1995, Day et al. 1995, 1997).  These processes 
rapidly reduce nitrate levels mainly through denitrification, but also through nutrient 
burial and plant uptake (Lane et al. 1999).  In conclusion, diversions of the Mississippi 
River into swamp lands are needed to combat coastal land loss and restore wetland 
health, (LACWPPRA 1993, LACOAST 2050 1998), and at the same time help 
ameliorate the hypoxic zones in the Gulf of Mexico by improving water quality (Day et 
al. 2003).   
1.3  Lake Maurepas Basin 
A Mississippi River diversion is planned for the swamps and marshes 
surrounding Lake Maurepas.  Lake Maurepas is a large lake (roughly 21 km in 
diameter) in the Lake Pontchartrain Basin in southeast Louisiana.  Just south of Lake 
Maurepas, the Mississippi River curves and has an easterly flow.  This part of the 
swamp is a candidate for a hydrological restoration area, and it has recently been 
proposed to receive a river diversion because of its declining tree health and its 
 3 
previous history of receiving inputs from the Mississippi River.  However, construction of 
the proposed diversion has not yet begun.   
The Maurepas forested wetland is a cypress-tupelo swamp that consists of 57,000 
ha of swamp and 1,400 ha of fresh marsh as of 1990 (Lane et al. 2003).  These 
swamps are composed of 80% tupelo trees and 20% cypress trees (Wilson et al. 2001), 
but many areas are currently in decline.  Subsidence in the Maurepas wetlands is 
classified as intermediate, at about 0.3-0.6 m/100 years, and has resulted in a net 
decrease in ground surface elevation and continuous flooding of most of the swamp 
(Thompson 2000).  This has lead to the current lack of forest regeneration, as seedlings 
need a period of no flooding to become established (Demaree 1932, DeLaune et al. 
1987, Conner and Brody 1989).  Intrusion of saltwater is another factor that contributes 
to stress of the swamp (Conner 1994).  These intrusions are generally associated with 
drought conditions combined with meteorological events that produce high tides.  
Salinity of 3 ppt can reduce growth of both baldcypress and tupelo saplings, and when 
combined with flooding stress, growth reduction can be substantial and lead to death 
(Pezeshki 1990).  Reflecting this situation, wetland loss rates for the Amite/Blind Rivers 
mapping unit for 1974-1990 were estimated by USCOE to be 0.83% per year for 
swamps and 0.02% per year for fresh marsh (Lane et al. 2003).  Based on these rates, 
about 50% or 28,000 ha of swamp, and 1.2% or about 16 ha fresh marsh will be lost in 
60 years (Lane et al. 2003). 
A multidisciplinary study was carried out to determine the location and feasibility of 
diverting the Mississippi River water into the Maurepas Basin (Wilson et al. 2001).  The 
study identified four possible diversion locations, and determined Hope Canal to be the 
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most feasible due to several logistic considerations that included local drainage effects, 
conveyance capacity, and landowner issues.  Since wetlands south of Interstate 10 (I-
10) are inside the natural levee of the Mississippi River and are not experiencing as 
much degradation as the rest of the Basin, Hope Canal will act as a conveyance 
channel to the I-10 bridge.  Discharge would be directed past the I-10 bridge then 
dispersed into the surrounding wetlands.  The I-10 bridge at Hope Canal was found to 
limit the diversion size having a maximum flow-capacity of 40-50 m3 s-1 (~1400-1800 ft3 
sec-1 or cfs). 
1.4  Defoliation in the Swamp 
In addition to the multiple abiotic stresses currently subjected to the swamp, the 
two dominant tree species in southeast Louisiana swamps, baldcypress and tupelo 
(Nyssa aquatica L.), are defoliated periodically by lepidopteran herbivores.  In 1983, an 
outbreak of the baldcypress leafroller (Archips goyerana Kruse) occurred in and around 
the Atchafalaya Basin and has since spread to southern Lake Maurepas and Lake 
Verret becoming a serious pest on baldcypress in Louisiana (Goyer and Lenhard 1988, 
Goyer and Chambers 1996).  Baldcypress, renowned for its lack of serious insect and 
disease problems (Brown and Montz 1986), presently experiences annual repeated 
defoliation, often complete, by the immature stages of this insect resulting in continuous 
and significant reduction in radial growth and dieback of the crowns (Goyer and Lenhard 
1988, Braun et al. 1989, Allen et al.1997).    
Tupelo, the other dominant wetland tree, has been infested by the forest tent 
caterpillar (Malacosoma disstria Hubner) in Louisiana and Alabama, and seemingly 
regular outbreaks have been reported since 1948 (Nachod and Kucera 1971).  The 
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forest tent caterpillar (FTC) is a native insect throughout the United States and Canada 
(Fitzgerald 1995), but in the south, tupelo is its preferred host (Smith and Goyer 1986).  
In Louisiana, widespread, complete defoliation by the FTC has occurred over as much 
as 250,000 ha during a single season (Nachod 1977).  Abrahamson and Harper (1973) 
found that up to 45% of the annual incremental growth of tupelo was lost due to severe 
FTC defoliation during a 5-year impact study in Alabama.  
Defoliation of these resources causes disruptions of the swamp environment.  
Before the baldcypress leafroller outbreak, Conner and Day (1976) hypothesized that 
heavy defoliation of tupelo trees may give a selective advantage to other tree species.  
In a backswamp, the major competitor is baldcypress.  Insect grazing may be one factor 
that helped maintain nearly pure stands of baldcypress before human impact.  It is 
interesting to note that northern swamps are dominated by cedar, which are coniferous 
like baldcypress.  Thus, baldcypress may be successful in southern swamps partially 
because it was unpalatable to herbivores present prior to increased flooding and 
subsequent stress.     
In other forested systems, defoliation changes the rate, composition, and timing of 
litterfall which can affect rates of biotic processing and conservation of nutrients in the 
litter layer (Nielson 1978, Zlotin and Khodashova 1980, Schowalter and Crossley 1983, 
Hutchens and Benfield 2000, Christenson et al. 2002).  Frass production reportedly 
accelerates decomposition by making litterfall easier to process by soil organisms due 
to sequestering of antibacterial tannins in the insect gut, as found for the green oak 
leafroller (Tortrix viridana L.) (Zlotin and Khodashova 1980).  In contrast, induced 
defenses of defoliated trees may reduce litter decomposition rates of residual and 
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regrowth foliage (Zlotin and Khodashova 1980), as leaves may contain higher phenolic 
content than undamaged trees (Schultz and Baldwin 1982, Rhodes 1983).  The 
importance of defoliation on litter transfer for nutrient cycling rates in forested 
ecosystems depends on plant species composition, the particular herbivores present, 
changes in microclimate resulting from canopy opening, and the amount, composition 
and seasonal pattern of material transferred relative to normal litterfall (Nielson 1978, 
Zlotin and Khodashova 1980, Schowalter and Crossley 1983,).   
These processes may be particularly important for declining, nutrient-limited 
Louisiana swamps, as litterfall is an important nutrient source for primary and secondary 
productivity, especially in the spring when biological emergence is at its peak.  
Furthermore, no research has been conducted on the effects of defoliation on nutrient 
cycling in these systems.  In addition, these declining swamps are planned to receive 
nutrient-rich diversions, and no research into nutrient/biological interactions of the trees 
and herbivores in these swamps has been conducted. 
1.5  Cypress and Tupelo Responses to Abiotic Stressors 
Though baldcypress is considered to be highly tolerant of flooding and soil 
waterlogging (McKnight et al. 1981, Hook 1984, Brown and Montz 1986, and Keeland 
1994), flooding frequency, duration, and depth continue to increase in coastal swamps.  
They threaten the long-term stability and existence of forested wetlands, even in the 
absence of increased salinity levels (DeLaune et al. 1987, Conner and Brody 1989, 
Dicke and Toliver 1990).  Seed germination is not likely to occur in permanently flooded 
swamps, since seedlings do not germinate under water (DeMaree 1932). Germination 
processes are likely tied to periodic riverine inputs for disperal of seeds to the elevated 
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portions of the swamp (De Stevens and Sharitz 1997) and to open areas away from the 
canopies of the parent tree once waters have receded (Schneider and Sharitz 1988, 
Keeland and Conner 1999).  In some cases, permanent deep flooding (>1 meter) has 
accelerated decline and death of established baldcypress trees (Demaree 1932, Eggler 
and Moore 1961, Harms et al. 1980, Brown and Montz 1986).  One field study in a 
Florida swamp demonstrated that flavonoid compound profiles of baldcypress foliage for 
trees of the same parent population were different when growing under impounded 
hydrologic conditions (permanently flooded) than typical hydrologic conditions of 
intermittent flooding (Miller et al. 1993).  
A number of greenhouse studies have been conducted on growth and 
physiological performances of baldcypress to flooding.  Although cypress is tolerant to 
flooding, growth generally is compromised by shallow flooding (Shanklin and Kozwolski 
1985, Flynn 1986).  However, loss of growth due to flooding of baldcypress seedlings 
was more than compensated by growth after flooding pressure was relieved, if fertilizer 
was applied (Souther and Shaffer 2000).  In a three year study, total biomass of 
continuously flooded seedlings was not different from periodically flooded seedlings and 
was correlated to morphological changes to flood-adapted roots in the permanently 
flooded seedlings (Megonical and Day 1992).   This pattern is similar to that of 
photosynthetic response, but in a 2-3 week time scale.  Photosynthetic rates initially 
decline in response to flooding (Pezeshki et al. 1986, Pezeshki and Chambers 1986), 
then development of intercellular air spaces (aerenchyma) begin to develop in the first 2 
weeks (Pezeshki 1991) after which time photosynthetic rates recover to 80-90% of the 
pretreatment measurements (Pezeshki et al 1987, Pezeshki 1993).  
 8 
Perhaps a more important abiotic stress that concerns managers of coastal 
forested wetlands is increased salinity levels, particularly its interaction with flooding.  
Field surveys have often associated a decrease in the abundance of baldcypress 
swamps to increased salinity and baldcypress rarely occurs naturally at salinities 
exceeding 2 ppt (Wicker et al.1981).  Other greenhouse studies on baldcypress 
seedlings have shown that height growth, net photosynthesis, or stomatal conductance 
were not affected by watering with a 3 ppt salinity solution for 60 days (Pezeshki 1991).  
After watering with 10 ppt for three months, survival was 100% with growth reduced by 
28%, but flooding with 10 ppt killed all seedlings within two weeks (Conner 1994).  This 
salinity-flooding response increases as salinity level increases (Javanshir and Ewel 
1993, Conner 1994).   However, planted seedlings in the Lake Pontchartrain Basin grew 
for up to four years and survived salinities averaging 2.8 ppt despite receiving frequent 
flooding (Myers et al. 1995), and salt pulses of 10 ppt in an in situ hurricane simulation, 
and showed growth to be similar to controls (Campo 1996).  Furthermore, Conner et al. 
(1997) had 100% survival of flooded seedlings up to 32 ppt, but it dwindled down to 2.5 
ppt by day seven.  The literature suggests that baldcypress is tolerant to increased 
salinity levels, but survival of flooding and salinity combined depends seemingly upon 
duration of flooding. 
Although previously mentioned research has shown that prolonged flooding, 
increased salinity levels, decreased hydrological inputs, and herbivory may negatively 
impact tree productivity, little to no research has been done on the simultaneous effects 
of all of these stresses on wetland trees.  It is particularly important to isolate the 
interactions of multiple stresses, because a number of studies have shown their 
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interaction has a greater detrimental impact on wetland vegetation than a single 
stressor, emphasizing the need for studies that address complex interactions (Grime 
1979, Mendelssohn and McKee 1988, McKee and Mendelssohn 1989, Grace and 
Tilman 1990, Shaffer et al. 1992).  However, baldcypress seedlings are reported to 
express genetic variation for tolerance to flooding, salinity, and their combination (Allen 
1994, Pezeshki et al. 1995) and insect performance (Meeker 1992, Meeker and Goyer 
1993,1994, Johnson 2004).  It is likely that the more tolerant genotypes could be used 
in plantings to increase the chances of forest restoration in areas which are subjected to 
different environmental stressors (Krauss et al. 2000). 
1.6  Plant-Insect Interactions to Stressors 
While environmental stress is known to exert strong effects on plants, we still do 
not have a clear understanding of how herbivores respond stressed host plants in 
swamp environments where a variety of stress agents are present.  It is important to 
determine how the population dynamics of the baldcypress leafroller and the forest tent 
caterpillar could be affected by environmental stress of the host tree in existing swamps; 
also, how they may respond to planned restoration practices with an influx of fresh, 
nutrient-rich water from planned diversions of the Mississippi River.     
Plant fertilization, or nutrient enhancement of nitrogen and total nutrients, has 
shown strong positive effects on insect herbivore population dynamics (Waring and 
Cobb 1992).  Of the 186 fertilization studies from a meta-analysis by Waring and Cobb 
(1992), 60% reported positive responses by herbivores, 25% reported no response, and 
11% reported negative responses.  This is important, because diversions of fresh, 
nutrient-rich water from the Mississippi River could potentially yield positive responses 
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by these herbivores and the resulting increase in the amount of frass produced each 
spring.  Furthermore, the subsequent increases in defoliation could hinder growth and 
cause tree dieback or mortality.  The study of plant-nutrient-insect interactions is a 
relatively new area of study, and valid generalizations are rare.  Problems of scale, 
previous history, specificity of response, separation of cause and effect, and 
confounding variables torment those who investigate plant-insect interactions.  A need 
for carefully designed, critical, long-term manipulative experiments is obvious (Loehle 
1988).   
Defoliator populations in swamps could be affected by environmental stress of 
the host tree, which would directly affect nutrient cycling processes.  Various studies 
have shown clear and positive responses of insect herbivores to plant stress (Rhoades 
1979, Rhoades 1985, White 1984, Watt 1994), while others suggest that stress is even 
negative or negligible (Bogenschultz and Konig 1976, Dale 1988, Larson 1989, 
Schoene 1941, and White 1984).  In a meta-analysis on insect performance, chewing 
insects consistently responded negatively to drought and pollution stressed trees, but 
positively respond to shaded trees (Koricheva et al. 1998).  In a summary paper of the 
literature, Waring and Cobb (1992) found that coniferous trees were the only plants that 
did not elicit a strong positive herbivore response to fertilization, and suggested that 
conifers may become more resistant and/or less attractive to herbivores when fertilized 
than angiosperms, which could be the case for differences in cypress and tupelo.   A 
rise in water level, resulting from the proposed diversion, could further stress wetland 
trees which may allow for further susceptibility to herbivory (Goyer and Chambers 
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1996).  Healthy wetland trees, on the other hand, could become more vigorous with 
planned diversions and better able to tolerate insect herbivory.   
One study has been conducted regarding baldcypress leafroller performance and 
its relation to salt stress.   This study found that feeding leaves (from putatively salt-
tolerant genotypes) from baldcypress seedlings that had been subjected to salinity 
levels ranging from 0-6 ppt had little overall effect on the larval relative growth rate.  
However, significant differences in insect performance among baldcypress genotypes 
(Goyer et al., unpublished data, Johnson 2004).   
The forest tent caterpillar showed reduced growth and food processing 
efficiencies when fed leaves from elevated CO2 and drought stressed aspen seedlings 
(Roth et al. 1997).  However, little research has been conducted on growth and 
development of the baldcypress leafroller and the forest tent caterpillar with regard to 
major factors causing environmental stress, or their combination, to wetland tree 
species.  Similarly to plant response experiments, the relationship between plant stress 
and insect performance also commonly includes only one type of stress treatment to the 
host plant (Koricheva et al. 1998).  Searching for single-factor explanations may be 
extremely difficult.  Maintaining all variables constant while manipulating one often is 
improbable in most field situations.  New emphasis on multivariate, factorial, and 
discriminant techniques may prove to be more profitable (Schowalter et al. 1986).  
Experiments that address multiple stressors simultaneously suggest the importance of 
the combination of drought, nutrient deficiency, and/or air pollution (Larsson and Tenow 
1984, Young and Hall 1986, Mattson and Haack 1987, Neuvonen and Lindgren 1987, 
Warrington and Whittaker 1990).  Furthermore, the single-factor approach commonly 
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applied may not fully simulate abiotic conditions thought to trigger insect outbreaks 
(Koricheva et al 1998).   
1.7  Study Sites in the Lake Maurepas Basin 
Sites for this study were selected based on three habitat types:  densely forested, 
basal area (BA)=5.380±0.187 m²/ha (143.049 ft²/acre), intermediately forested, 
BA=2.579 m²/ha (68.5±4.1 ft²/acre), sparsely forested, BA=2.740±0.148 m²/ha 
(72.875±ft²/acre).  Although the basal area density of the sparsely forested site was 
similar to that on the intermediate density, the sparsely forested site had less canopy 
closure due to the highly degraded canopy structure of the tupelo trees at the sparsely 
forested site.  The tupelo trees at this site were missing the apical portion of the main 
stem resulting in mostly coppice growth, indicative of the most degraded sites in the 
basin where trees still exist.  Mean diameter and diameter range of the trees selected at 
each study site are summarized in Table 1.  These habitat types represent three distinct 
degrees of swamp productivity based upon survey data from 2000 by Southeastern 
Louisiana University Wetland Lab (Wilson et al. 2001), plus these areas receive 
frequent defoliation events.  In this case, tree density is generally reflective of forest 
degradation/health.   
The stations for the densely forested site were located on Hope Canal 
approximately 1.5 km north of Highway 61 in Garyville, LA., Fig. 0.1.   The stations for 
the medium forest density site were located at the end of the eastern branch canal of 
Reserve Relief Canal 1.5 km north of I-10 in Reserve, LA.  The stations for the sparsely 
forested or the most degraded site were on Bayou Lil’ Chene Blanc near the end of the 
Amite River Diversion Canal, 3 km south of Hwy 22 in Manchac, LA.  All sites were 
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accessible by a boat, and study trees were located at least 50 m away from the main 
channel.   
 
Table 1.1.  Mean diameter (±1 s.e.)and diameter range (cm) of the trees selected at 
each study site in the Lake Maurepas Swamps.  
            Tupelo           Cypress  
 Density/Health  diameter     range diameter      range  
High 36.7 ± 2.2 14.5 - 56.6 33.0 ± 2.4 13.5 - 56.4 
Medium 30.2 ± 1.1 21.6 - 41.9 25.2 ± 1.7 11.2 - 46.0  
Sparse 24.9 ± 1.1 16.5 - 34.5 31.9 ± 1.9 14.5 - 48.3 
 
 
 
 
Figure 1.1.  Map of field study sites in Lake Maurepas swamps. 
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1.8  Objectives 
The objectives of this study were to: 
1.   (a) ascertain the interaction of insect defoliation with the major abiotic environmental 
stresses (prolonged flooding, saltwater intrusion, nutrient deficiency, decreased 
sheetflow) that decrease baldcypress and tupelo productivity in coastal Louisiana 
swamps by utilizing a multifactor greenhouse experiment, and (b) evaluate the 
restoration potential of these stressors by simulating diversion conditions (Chapter 2).   
2.  ascertain the physiological responses of the forest tent caterpillar and the 
baldcypress leafroller to the host tree stresses (prolonged flooding, saltwater intrusion, 
nutrient deficiency, decreased sheetflow) and their interaction as well as the responses 
to nutrient influx from diversions planned for coastal Louisiana swamps (Chapter 3). 
3.  evaluate wetland tree productivity responses to defoliation and nutrient augmentation 
designed to mimic planned Mississippi River diversions into swamps varying in health 
and forest structure (Chapter 4). 
4.  ascertain (a)  if nutrient levels in tree foliage in existing swamps are increasing in 
response to nutrient augmentation that would result from a freshwater diversion, and (b) 
if defoliating caterpillars are accumulating additional nutrients, and (c) the extent to 
which the wetland tree-insect complex is acting as a nutrient sink, and (d) the effects of 
defoliation on the nutrient content of leaves (Chapter 5). 
 
CHAPTER 2 
 
BALDCYPRESS AND WATER TUPELO SAPLING RESPONSES TO DEFOLIATION 
AND MULTIPLE ABIOTIC ENVIRONMENTAL STRESSORS 
 
 
2.1  Introduction  
Baldcypress (Taxodium distichum (L.) Rich.) and water tupelo (Nyssa aquatica 
L.) are the two dominant tree species in forested wetlands in the southern United 
States.  Forested wetlands are a valuable natural resource that stimulate and sustain 
both economic productivity and ecological functioning on a local as well as a global 
scale.  They have been identified as important nutrient and sediment sinks which 
enhances water quality and export organic debris to many aquatic food webs (Mitsch 
and Gosselink 1993).  However, these valuable wetlands are disappearing at an 
alarming rate (LACOAST 2050 1998).   Worldwide forested wetlands are being lost, as 
well as in Louisiana, due mainly to altered natural hydrology.  In Louisiana, Mississippi 
River inputs have been reduced, or in some cases completely isolated, from forested 
wetlands by levees and dams.  These systems are starved of essential energetic 
freshwater exchange and nutrient and sediment inputs.  As a result, subsidence (sinking 
of the land) has been accelerated and the duration and intensity of flooding has 
increased leading to poor productivity.  Also in Louisiana, canal dredging has resulted in 
impounding from the spoil bank deposition and, at the same time, provided quick linear 
routes of salt water movement into many freshwater swamps.  Furthermore, global sea 
level rise has intensified these problems (De Laune et al. 1987, Pezeshki et al. 1990, 
Allen 1994), especially in Louisiana where sea level is estimated to increase 1 cm/year 
(Salinas et al. 1986).   
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Additionally, attention is now being given to the spring defoliation by lepidopteran 
herbivores of both baldcypress by the baldcypress leaf roller (Archips goyerana Kruse) 
and water tupelo by the forest tent caterpillar (Malacosoma disstria Hubner).  Complete 
defoliation has been shown to reduce radial growth and cause canopy dieback in both 
cypress (Goyer and Chambers 1996) and tupelo (Abrahamson and Harper 1973).  With 
forested wetlands in a current state of decline, repeated defoliation in concert with other 
stress factors has become more devastating to trees and may cause mortality in a 
shorter period of time than expected.    
The most aggressive restorative actions in Louisiana include reintroductions 
(diversions to simulate historical hydrologic patterns) of the Mississippi River into 
declining swamps and marshes as well as plantings of forested wetland tree seedlings. 
Such actions have met with localized success.  These hydrological restorations into 
declining wetlands have resulted in land gained and/or increased primary and 
secondary productivity.  Diversion projects in Louisiana have been supported and 
encouraged by both the public and scientific communities, but have met with hostility 
caused and financial burdens because of the lack of solid scientific backing or the 
subsequent displacement of fishing resources, especially oyster harvesting.  
Since the health of these tree species is essential to ecosystem functioning, 
multifaceted management protocols that manipulate prolonged flooding stress, salt 
stress, nutrient deprivation, and defoliation simultaneously for both species need to be 
carefully developed.  Forested wetland restoration projects and many mitigation projects 
require planting and routine maintenance of seedlings for extended periods of time to 
ensure survival.  Seedling plantings in marshes and swamps are arduous, time 
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consuming, and costly.  High and low risk situations for plantings need to be identified 
as well as the impact(s) that diversions can have on restoring and maintaining tree 
health in existing swamps.  
Therefore, the objectives of this study were to (1) determine the response of 
baldcypress and tupelo productivity to variable, relatively-low level salinities, different 
hydrology types, nutrient regimes, and defoliation levels and to isolate the interacting 
factors, (2) describe certain physiological changes occurring in saplings in response to 
stress and provide evidence of these changes based upon biomass allocation and foliar 
chemistry, and (3) provide direct evidence of the effectiveness of freshening and 
nutrient enhancement to previously stressed saplings.   
2.2  Methods 
At this time it is necessary to point out that the main purpose of the greenhouse 
experiment was to isolate and interpret multiple interacting environmental factors such 
as are found in natural swamps (as well as the basic main effects when not altered by 
confounding interactions).  To determine plant response to multiple stressors, 
multifactor experiments were conducted in a greenhouse using cypress and tupelo 
saplings that were subjected to four (three abiotic and one biotic) cross-classified stress 
agents resulting in 24 different environmental situations for each species.  In addition, a 
restoration experiment was conducted subsequent to the experiment described above 
wherein saplings were removed from their respective stress and placed in a 
homogenous, fresh, nutrient-rich environment to compare recovery rates of all treatment 
combinations.   The methods are divided into four sections titled 2.2.1 Growth 
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Response for 2002, 2.2.2 Leaf Chemical Content, 2.2.3 Induced Response and 
Harvest, and 2.2.4 Diversion Simulation (Restoration). 
2.2.1  Growth Response for 2002 
In February of 2001, one-year-old baldcypress and tupelo saplings were planted in 
20-liter pots (50 cm in height) in a soil mixture consisting of one 34.1kg bag of 
vermiculite, 3 bags of 112 liters of peat moss, and 0.315 m3 (21 trays- 30cm x 50cm x 
10cm) of sterilized river silt.  To prevent shifting of the pots and prevent soil from 
eroding out of the drainage holes at the bottom and the porous soil from rising during 
the experiment, a 2 cm layer of gravel was placed on the bottom of the pots before 
planting.  Potted saplings were fertilized with 28 g of quick release All Star® (ASTA, El 
Centro, CA) 13-13-13 fertilizer, and maintained in a high-roofed greenhouse (formerly 
used for sugarcane culture) until initiation of the experiment.   
In August 2001 (after six months of conditioning), the saplings were evaluated in a 
multi-factor experiment with treatments arranged in split-plot design with a 2x2x3 
factorial arrangement in the main plot and a 2x2 factorial arrangement in subplot.  The 
main plot included 2 fertility levels (not fertilized and fertilized- equivalent NO3- loading 
rates of a 8000 cfs Mississippi River diversion (10.4 g/m2/yr) from Lane et al. (1999)) 
and 2 salinity levels (0 ppt and 3 ppt-upper salinity level of natural tree occurrence and 
repeated defoliation occurs), 3 hydrology regimes (no flooding, 20-cm flooding, and 20-
cm flooding with aeration-to simulate throughput and soil column exchange that would 
occur in the presence of a diversion.  The subplot included 2 species (baldcypress and 
tupelo) and 2 simulated herbivory levels (no defoliation and complete defoliation), with 
four replications of the highest order interaction.   
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In order to achieve these treatment combinations, 24 aluminum livestock 
watering tanks (122 cm x 61 cm high) were lined with two layers of 2 mm plastic 
allowing eight potted saplings (four baldcypress and four tupelo) to fit in each tank.  
Each of the 12 possible fertility-salinity-hydrology combinations (tank) were replicated 
(2x) and randomly distributed in the greenhouse.  A dosage of 35 grams of Osmocote® 
(B.W.I. Jackson, MS)18-6-12 was applied to all fertilized treatments, and an additional 2 
cm layer of gravel was applied to the surface of all pots to prevent flotation of the porous 
soil during flooding.  Fertilizer dosage was determined by using nitrogen-loading rate 
(10 g/m2/yr) similar to an 8000 cfs Mississippi River diversion and calculated based 
upon the surface area of the tank (0.74 m2).  This dosage rate then was applied evenly 
to each of the eight potted saplings in each of the fertilized tanks resulting in the 35g/pot 
amount.  The water level of both of the flooded treatments was maintained 20 cm above 
the soil surface, and the non-flooded treatments had a water level maintained 10 cm 
below the soil surface.  The aerated-flooded treatment was regulated with a 
regenerative blower forcing air through pumice stones. The species and herbivory 
treatments were randomly distributed within each of the cross-classified tanks.   Height 
and diameter at 10 cm above the soil was recorded at the initiation of the treatments. 
Mortality, diameter and height were recorded again in August and December of 2002.  
Dead trees (mostly in the 3 ppt salinity treatments) were replaced in August and 
assumed to have a growth of 0 for the year.   
In February 2002, diameter and height again were recorded (10 cm above the 
soil for all saplings) and fertilizer again was applied to the designated treatments.  In 
April, when larval (caterpillar) emergence of the forest tent caterpillar and the 
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baldcypress leafroller began in southern Lake Maurepas, herbivory simulation began on 
both tree species by mechanically removing leaves over a period of four weeks using 
scissors.  Leaves were removed incrementally at approximately 25% of the total canopy 
per week until all leaves were removed. Tupelo leaves were trimmed around the mid-
vein and cypress leaves were cut leaving 25% of the leaf attached to the stem.  The 
time frame and techniques used were designed to mimic field defoliation rates and 
larval feeding.  It should be noted that these clipped leaves from the methods described 
above were used also to conduct foliar analyses (nitrogen content and total phenolics 
described in the following methods section) as well as for larval feeding assays 
(discussed in Chapter 3).   
2.2.2  Leaf Chemical Content  
The leaves of the greenhouse saplings were collected for chemical analyses at 
the end of the feeding study (April 26 -May 27 2002, discussed in Chapter 3).  Whole 
leaves were removed from all saplings (not exceeding 5% of the leaves from the 
saplings that were not defoliated) to determine nitrogen content and total phenolics.   I 
made the assumption that this  leaf removal from the undefoliated saplings did not affect 
growth and productivity for the year.   
The leaves were placed in Ziploc freezer bags, then stored on ice until the 
samples could be placed in a cryo-refrigerated (-72°C) freezer within three hours.  
Leaves were stored in the freezer until August when they were freeze-dried using an 
ATR vacuum pump (Laurel, MD).   The petioles and large veins were removed, and 
remaining leaf material was ground with a Wiley mill using a 40µm mesh.  Processed 
samples were stored in the same freezer until all samples were ready for analysis.    
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Total phenolics, a relative measure of compounds for plant defenses common in 
both tupelo and cypress, were quantified using the Folin-Ciocalteau procedure (Stout et 
al. 1998; as adapted from Waterman and Mole 1994).  In January, total phenolics were 
extracted from 0.1g of ground leaf material by 10 ml of 50% HPLC methanol-water at 
room temperature.  After 1 week, 25 µl of the extract was placed in a test tube and 
diluted 272.5µl of water.  Folin reagent (500µl) was added to the sample and followed 
by 500µl of a 20% solution of anhydrous sodium bicarbonate and water.  Samples were 
vortexed for 15 seconds and allowed to stand for 1.5 hours.  Concentrations were 
determined at 720λ by a Shimazu UV-Visible spectrophotometer UV-1601.  A standard 
curve using (+)-Catechin (the major flavan-3-ol present in baldcypress, C15H14O6, 
(Stafford and Lester 1986, Waterman and Mole 1994)) was generated to determined 
general phenolic equivalents.  One extraction was conducted per sapling.  Absorbance 
was used to calculate to total phenolics, and data are reported as (+)-catechin reagent 
equivalents as percent leaf dry weight (CRE%). 
The foliar nitrogen analyses were conducted by the Louisiana State University 
Department of Ag Chemistry.  Total Kjeldahl Nitrogen was determined by calorimetric 
semi-automated block digestion procedure (AOAC 1995).  Nitrogen concentrations are 
expressed as a percent dry weight.  Foliar nitrogen was determined using the same 
techniques for 2002 and 2003.  
  2.2.3  Insect Induced Growth Response  
To trigger potential growth responses that may not have occurred with 
mechanical (only) defoliation, we allowed larvae to feed and completely defoliate 
saplings receiving the defoliation treatment in 2003.  To accomplish this, tanks were 
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moved in February (2003) and saplings were reassigned a new position.  A complete 
set of the 12 fertility-salinity-hydrology combinations was relocated to each half of the 
greenhouse.  Saplings then were assigned to each greenhouse half based upon their 
defoliation treatment, and placed subsequently in the proper water condition.  Saplings 
receiving fertilizer had a 35 g dosage of Osmocote 18-6-12 applied to the pot.  In April 
2003, when larvae emerged in the field, egg masses and larvae were placed on 
saplings on the “defoliation side” of greenhouse.  Larvae were supplied over a period of 
three weeks to compensate for dispersal and mortality mainly due to paper wasps 
(Polistes sp.).  The defoliation treatment was completed by the first week of May when 
sapling mortality, height, and diameter again were recorded.   
Half of the saplings then were harvested at random with respect to treatment 
combination and placement in the original tanks (avoiding saplings that were replaced 
the previous year, with the exception of one).  Plant material was partitioned into leaves, 
above-ground woody stem, adventitious roots (when present), and belowground 
biomass.  Wet and dry weights of the plant material were recorded.   Harvested leaves 
then were oven-dried analyzed for N% as described in the previous methods section 
(2.2.2 Leaf Chemical Content).    
2.2.4  Diversion Simulation (Restoration) 
After partial harvest (above), the remaining half of the saplings was used for a 
recovery experiment employing fresh, nutrient-rich conditions to evaluate the restoration 
potential of a river diversion across the multiple stress agents.  Upon analyzing the 
height growth data from 2002 from the earlier experiments, it was determined that the 
flooded and flooded-aerated treatments were not significantly different in the main 
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effects or in their interactions.  Thus, saplings from both of the flooded treatments were 
used interchangeably in this experiment.  Saplings that were replaced in August of 2002 
also were used.  The experimental design consisted of a 2x2x2x2x2 factorial 
arrangement with 2 replicates of the highest order interaction for a total of 64 trees.  To 
prevent saplings from the same fertility-salinity-hydrology combination being placed in 
the same restoration tank, a random sequence was generated and assigned to saplings 
from each of the treatment combinations to the restoration tanks.  This was 
accomplished by utilizing only one sapling from the same fertility-salinity-hydrology 
combination in each of the restoration tanks. Also, equal numbers of defoliated and non-
defoliated cypress and tupelo saplings (from other treatment combinations) were placed 
in each tank, for a total of eight saplings per tank. 
All saplings then received a dosage of 35 g of Osmocote 18-6-12 and were 
flooded and aerated with fresh water at 20 cm for 40 days.  During the last week of 
June, the flushing interval was completed and the water level was reduced to 10 cm 
below the soil surface (as one would expect to happen when a river diversion has been 
“shut off” after high spring waters have subsided and maintained for the remainder of 
the growing season).  Height and diameter again were measured the following 
December. 
2.3  Statistical Analyses 
For all analyses, all fixed effects with a probability less than 0.05 were interpreted 
and means were discerned using Fisher’s LSD (α=0.05)(SAS 1995).  Descriptions of 
the statistical analyses conducted for each experiment are described in the following 
sections:  2.3.1 Growth Response 2002, 2.3.2 Foliar N and Total Phenolics for 2002, 
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2.3.3 Biomass and Root to Shoot Measurements, 2.3.4 Foliar N for 2003, and 2.3.5 
Recovery after a Diversion Simulation. 
2.3.1  Growth Response 2002 
The study was analyzed as an ANOVA (proc mixed procedure in SAS 8.0) with a 
split-plot design with a 2x2x3 factorial arrangement and their interactions in the main 
plot and a 2x2 factorial arrangement and all remaining interactions in the subplot.  The 
dependent variable was the increase in height from January 2002 to December 2002.  
Any measurement that resulted in a negative increment was given a growth of 0.00 cm.  
With the exception of one outlier (which was appropriately removed), the data met the 
criteria for parametric statistics.   
It should be noted that initially, a MANOVA was conducted with height and 
diameter.  Even though interpretation of height and diameter were similar, some 
differences in significant interactions occurred between the two variables.  However, 
height was determined to contribute to more of the variation than diameter.  
Furthermore, saplings were protected from wind by greenhouse walls (encouraging 
apical growth over woody basal growth) and consequently diameter growth might be 
considered to be the lesser sensitive of the growth measurements.  In addition, an 
important factor for determining sapling survival in forested wetlands is rapid height 
growth preventing photosynthetic surfaces from being inundated (Keeland and Conner 
1999) and avoiding competition with other plant species, particularly with deer pea, 
Vigna luteola, an invasive vine (Greene 1994).   
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2.3.2  Foliar N and Total Phenolics for 2002 
Foliar nitrogen (N%) and phenolic content in (+)- catechin reagent equivalents 
(CRE%) were initially analyzed as an ANOVA with a split-plot arrangement with a 2x2x3 
factorial arrangement (fertilizer, salt, and hydrology) in the main plot and 2x2 factorial 
arrangement and all remaining interactions in the subplot.  The main plot error term 
[tank (fertilizer x salt x hydrology)] was tested with the overall residual error term to 
determine if any significant variation existed between the paired tanks of the same 
treatment.  No significant difference was found, so the main plot error term was pooled 
into the overall model.  Therefore, the data were analyzed as a completely randomized 
design with a 2x2x2x2x3 factorial arrangement with n=1-4 for N% (for a total of 164 
foliar samples) and %CRE n=2-4 (for a total of 172 foliar samples) replicates of the fifth 
order interaction for each variable.  Degrees of freedom for both analyses were 
Satterthwaite adjusted because of uneven sample sizes.  One outlier was appropriately 
removed from the CRE% data set, and data met the criteria for parametric analysis.  All 
significant effects at α=0.05 are discussed and treatment means were separated using 
Fisher’s LSD at α=0.05. 
Several simple linear regressions were conducted on CRE% (dependent 
variable) with N% (independent variable).  One regression pooled all treatment 
combinations (without the CRE% outlier).  To determine if the N% vs. CRE% correlation 
changes in different environmental settings for each species, the two highest rating F-
values of the fixed effects were used to create environmental groupings.  For both 
species, the two factors found to contribute the most variation to foliar nitrogen content 
were fertilizer application and herbivory.  In addition, the two factors found to contribute 
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the most variation to total phenolics for both species were fertilizer application and 
salinity.  Therefore, the simple linear regressions were conducted for each species in 
the following environmental groupings: (1) fertilized-nondefoliated, fertilized-defoliated, 
unfertilized-nondefoliated, and unfertilized-defoliated (pooled hydrology and salinity) and 
(2) fresh-fertilized, fresh-unfertilized, salted-fertilized, and salted-unfertilized (pooled 
hydrology and defoliation treatments) for a total of 16 possible regressions. 
2.3.3  Biomass and Root:Shoot Measurements 
These data sets were both analyzed as an ANOVA (proc mixed procedure in 
SAS 8.0) as a completely randomized design with a 2x2x2x2x3 factorial arrangement 
(n=96 with 2 true replicates of the 5th order interaction).  The dependent variables were 
total biomass (excluding leaves to remove a negative bias from the defoliation 
treatment) and root to shoot (adventitious and belowground roots:stems, again 
excluding leaves).  After three outliers in the biomass data and two from the root:shoot 
data were appropriately removed, the 5th order interaction was pooled and assumed to 
be not significant.  Both data sets met the criteria for parametric analysis. 
2.3.4  Foliar N for 2003 
Since the salinity treatments were not represented in all treatment combinations 
and insects were fed only foliage from fresh treated saplings, foliar nitrogen was 
analyzed in two independent ANOVAs.  The first set used only the fresh water 
treatments and was analyzed a CRD with a 2x2x2x3 factorial arrangement that included 
species, defoliation, fertility, and hydrology treatments, respectively, and all of its 
interactions.  Four data points were missing from this analysis (due to insufficient leaf 
quantity) and one outlier was removed for a total of n=43. 
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The second ANOVA was able to include salinity as a treatment, but the model 
pooled the hydrology and herbivory treatments to obtain adequate representation to test 
the effects of species, salinity, and fertility simultaneously.  Foliar nitrogen content was 
analyzed as a double RBD (blocks hydrology and defoliation) with a 2x2x2 factorial 
arrangement.    
2.3.5  Recovery after a Diversion Simulation 
The restoration experiment was analyzed as an ANOVA (proc mixed procedure 
in SAS 8.0) as a completely randomized design with a 2x2x2x2x2 factorial arrangement 
(n=66 with 1-3 true replicates of the 5th order interaction) with a pooled 5th order 
interaction.  Dependent variables were the increase in height and diameter from May 
2003 to December 2003.  The degrees of freedom were Satterthwaite adjusted to 
account for unequal sample sizes, and one outlier was removed from the diameter 
dataset.  
In addition, a second analysis was conducted on each variable after all saplings 
that died during this experiment were removed from the data set.  This enabled to test 
the hypothesis that: if the saplings survived the different stressors, would growth be 
differentially affected after saplings were subjected to diversion conditions?  Height 
increase of saplings that had a dead terminal or coppice growth did not capture an 
accurate response measurement.  Thus, these saplings were removed, as were dead 
saplings.  The resultant n=49, interactions higher than 2nd order were pooled into the 
overall model and were assumed to be not significant (and were not significant in the 
previous model including all trees).   
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Diameter, however, more accurately captured growth response in this case 
because there was no accounting for coppice measurements and dead terminals, and 
these saplings were included in the analysis giving n=55 (including the one outlier that 
was removed).  Furthermore, at this point in the experiment, sapling height exceeded 3 
m in many instances and resources needed to be directed to basal growth versus apical 
growth to prevent saplings from toppling over.  Because of a higher n, this model only 
pooled the 4th order interactions into the overall error term and these were assumed to 
be not significant. 
2.4  Results 
The purposes of these greenhouse experiments were to isolate and interpret 
multiple interacting environmental factors (that occur simultaneously in nature) and 
evaluate the main effects in the absence of confounding interactions.  When significant 
interactions of the main effects occurred, it is assumed that the other main effects 
behaved similarly in those treatment combinations when higher order interactions that 
included the interaction of interest were not significant.  For example, if there was a 
significant salinity x fertilizer interaction and no significant higher order interactions 
occurred with that treatment combination, it is assumed that the hydrology, species, and 
defoliation patterns were not different with respect to the salinity x fertilizer 
combinations.  However, when the main effects are confounded by interactions, they 
are discussed and graphically represented in context of the significant interactions.  The 
results for the sapling responses are divided into the following sections:  2.4.1 Height 
Growth Response 2002, 2.4.2 Percent Survival, 2.4.3 Sapling Foliar Nitrogen and Total 
Phenolics, 2.4.4 Correlations to Sapling Foliar Nitrogen and Total Phenolics, 2.4.5 Total 
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Biomass, 2.4.6 Root to Shoot Ratio, 2.4.7 Foliar Nitrogen Content for 2003, and 2.4.8 
Recovery after a Diversion Simulation.  
2.4.1  Height Growth Response 2002 
The main effects for sapling height increase (Table 2.1), several 2-way 
interactions (Table 2.2), and four 3-way interactions showed significant differences 
(Figures 2.1-2.4).  The first 3-way significant interaction existed among defoliation, 
hydrology, and species (F2,131=4.61, p=0.0116, Figure 2.1).  When not flooded and not 
defoliated, tupelo grew significantly more than cypress when compared to other 
combinations (Figure 2.1a).  Also, the combination of flooding and defoliation lowered 
cypress growth substantially more than that of tupelo (Figure 2.1b).  These results imply 
that in swamps tupelo may have a competitive advantage over cypress, and this may be 
accentuated during (1) draw-down periods in the absence defoliation or (2) when 
simultaneous defoliation of both species occurs while concurrently experiencing land 
subsidence or prolonged flooding.   
Flooding and salinity significantly lowered growth of both species (F2,12.1=14.75, 
p=0.0006; F2,12.1=49.04, p<0.0001; respectively; Figure 2.2).  However, another 
significant 3-way interaction existed between these treatments and species (F2,131=4.33; 
p=0.015; Figure 2.2).  Tupelo tolerated fresh water flooding better than cypress (Figure 
2.2a).  These species also had similar salt tolerance without flooding, but when salt was 
accompanied with flooding for both species growth was further reduced, especially for 
tupelo (Figure 2.2b).  These results indicate that (1) tupelo sapling growth and 
establishment is favored over cypress in freshwater swamps that are experiencing 
subsidence or prolonged flooding, (2) the two species are indifferent where established 
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in a non-flooded, salinated (3 ppt) environment, but (3) when subsidence or prolonged 
flooding is coupled with salt, baldcypress trees stand a better chance for establishment.   
The third significant 3-way interaction existed between salinity, fertility, and tree 
species (F1,131=4.66, p=0.0327, Figure 2.3).  Fertilizer benefited both species, but 
significantly so only in the freshwater environment (Figure 2.3a).  Furthermore, fertility 
benefited cypress more than tupelo, tripling (3.2X) the height growth of cypress, and 
doubling (2.1X) the height growth of tupelo.  These results indicate that (1) in the 
presence of a diversion, cypress should benefit more than tupelo with respect to the 
nutrients, and that cypress may be more sensitive to nutrient depletion than tupelo; and 
(2) a salinity of 3ppt is too high for either species to increase in height growth as a result 
of nutrient enrichment. 
The last interaction with height increase existed among salinity, defoliation, and 
fertility (F1,131=5.69, p=0.0185, Figure 2.4).  For both species, defoliation lowered growth 
under the fresh, fertilized condition (Figure 2.4 a).  However, without nutrient 
enrichment, saplings grew even less, regardless of whether defoliation occurred or not 
(Figure 2.4a).  Importantly, this unfertilized growth was equivalent to that in the salinated 
treatments (Figure 2.4b).  These results indicate that sapling growth and establishment 
may be as limited in nutrient deprived freshwater wetlands as they are in swamps 
possessing a salinity of approximately 3ppt. 
2.4.2  Percent Survival 
In May 2003, mortality of greenhouse saplings subjected to the multiple stress 
agents was determined.  The majority of the mortality occurred in the saltwater 
treatments (42% as opposed to 3% in the freshwater treatments).  Within the salt 
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treatment, the two flooded treatments had 53% mortality compared to the unflooded 
16% (Table 2.5).   Similarly, the two cypress saplings that died in the freshwater 
treatments also had been flooded and received no fertilizer.  These data indicate that 
single stressors may not be as important for survival as are multiple stressors.  In 
addition, this also indicates that cypress may be more susceptible to mortality than 
tupelo in freshwater situations where flooding is constant and nutrient input is limited.   
Table 2.1.  ANOVA source table and means for the main effects of yearly height 
increase (cm) of greenhouse saplings in 2002. 
Main Effects Mean (±1 s.e.) n F-value p 
Salinity 
  0 ppt 
  3 ppt 
 
47.8 ± 3.7 
17.6 ± 2.3 
 
95 
96 
 
F1,12=49.04 
 
<0.0001 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
43.6 ± 4.0 
21.9 ± 2.2 
 
95 
96 
 
F1,12=25.39 
 
0.0003 
Hydrology 
  Not Flooded 
  Flood-Aerated 
  Flooded 
 
49.3 ± 4.4 
24.0 ± 3.7 
24.8 ± 3.7 
 
63 
64 
64 
 
 
F2,12=14.75 
 
 
0.0006 
Defoliation 
  Not Defoliated 
  Complete 
 
37.8 ± 3.9 
27.7 ± 2.7 
 
96 
95 
 
F1,131=17.61 
 
<0.0001 
Species 
  Tupelo 
  Baldcypress 
 
40.1 ± 4.0 
25.3 ± 2.5 
 
95 
96 
 
F1,131=37.56 
 
<0.0001 
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Table 2.2.  The mean yearly height increase (cm) of cypress and tupelo saplings in 
2002 of the five significant two-way interactions (significant differences among the 
means of each interaction were determined using Fisher’s LSD, α=0.05, ±1 s.e.). 
 Not 
Defoliated 
Defoliated F value p>F 
Hydrology x Defoliation      
  Not Flooded 59.0 ± 7.4 a 39.5 ± 4.0 b   
  Flooded-Aerated 25.6 ± 5.5 c 22.5 ± 5.1 c F2,131=4.14   p=0.0180 
  Flooded 28.7 ± 5.9 bc 21.0 ± 4.4 c   
Fertilizer x Defoliation     
  Fertilized 53.4 ± 6.4 a 33.8 ± 4.4 b F1,131=15.63  p<0.0001 
  Not Fertilized 22.1 ± 3.2 c 21.6 ± 3.0 c   
Salinity x Defoliation     
  Fresh 55.2 ± 5.8 a 40.4 ± 4.1 b F1,131=3.91 p=0.0501 
  Salt (3 ppt) 20.3 ± 3.8 c 15.0 ± 2.5 c   
 
 Fresh Salt F value p>F 
Fertilizer x Salinity     
  Fertilized   67.6 ± 5.5 a 19.6 ± 3.3 b F1,12=17.14 p=0.0014 
  Not Fertilized 28.0 ± 2.7 b 15.8 ± 3.2 b   
Species x Salinity     
  Tupelo 63.7 ± 5.2 a 16.4 ± 3.7 c F1,131=50.90 p<0.0001 
  Cypress 31.8 ± 4.0 b 18.8 ± 2.7 c   
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Table 2.3.  Percent survival of cypress and tupelo saplings in all possible treatment combinations by May 2003 (after 21 
months, n=4 per cell).  0=fresh, 3=3ppt; L=low water (not flooded –10cm), A=aerated-flooded 10cm, H=high water 
(flooded 10cm); F=fertilized, N=not fertilized. 
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Figure 2.1.  Mean yearly height increase (cm) of (a) non defoliated and (b) defoliated 
two-year old cypress and tupelo saplings under different hydrology types after one 
growing season (mean differences determined using Fisher’s LSD at α=0.05, n=16 for 
each bar, error bars ± 1 s.e.).   
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Figure 2.2.  Mean yearly height increase (cm) of two-year old cypress and tupelo 
saplings in (a) freshwater and (b) saltwater environment under different hydrology types 
after one growing season (mean differences determined using Fisher’s LSD at α=0.05, 
n=16 for each bar, error bars ± 1 s.e.).   
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Figure 2.3.  Mean yearly height increase (cm) of two-year old cypress and tupelo 
saplings in (a) freshwater and (b) saltwater environment under different nutrient regimes 
after one growing season (mean differences determined using Fisher’s LSD at α=0.05, 
n=24 for each bar, error bars ± 1 s.e.). 
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Figure 2.4.  Mean height increase (cm) of two-year old saplings of both cypress and 
tupelo combined in (a) freshwater and (b) saltwater environment with different 
defoliation levels and fertilizer applications after one growing season (mean differences 
determined using Fisher’s LSD at α=0.05, n=24 for each bar, error bars ± 1 s.e.).  
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2.4.3  Sapling Foliar Nitrogen and Total Phenolics in 2002 
 For both tree species, foliar nitrogen (%) was significantly increased by 
fertilization compared to nonfertilized saplings (F1,116=114.09, p<0.0001, Table 2.4), and 
fertilizer contributed the most to variation in foliar nitrogen of all of the treatments.  The 
second leading contributor to foliar nitrogen content was herbivory, in which the 
defoliated saplings had higher nitrogen levels than undefoliated saplings (F1,116=45.16, 
p<0.0001, Table 2.4).  Salt stressed saplings (3 ppt) also displayed increased foliar 
nitrogen when compared to fresh-water treated saplings (F1,116=29.91, p<0.0001, Table 
2.4).  Also, cypress saplings generally had higher nitrogen levels that tupelo saplings 
(F1,116=5.06, p=0.0263, Table 2.4), except when cypress was flooded (not aerated), 
where nitrogen levels were lower and similar to that of tupelo (F2,116=3.67, p=0.0284, 
Figure 2.5).  Hydrology alone was not influential in determining nitrogen levels, but the 
flooded-aerated hydrology treatment significantly increased nitrogen levels in the 
fertilized, salinated saplings (F2,116=6.57, p=0.0020, Figure 2.6), whereas the other 
treatment combinations were not affected by aeration. 
 In all instances, cypress saplings had a lower total phenolic level, measured in 
catechin reagent equivalent (CRE%), than tupelo (F1,124=13.12, p=0.0004, Table 2.5).  
For both tree species, fertilized saplings had a lower CRE% than nonfertilized saplings 
(F1,124=19.70, p<0.0001, Table 2.5).  Salt stressed saplings also had a lower CRE% 
than saplings subjected to freshwater condition (F1,124=21.59, p<0.0001, Table 2.5).   
Flooding increased CRE% levels in both of these tree species in fresh water 
environments, but not in saltwater environments (F1,124=4.32, p=0.0154, Figure 2.7).  
The effects of herbivory alone did not influence CRE% levels.  However, one of two 
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interactions that occurred with herbivory was salinity and fertility (salinity x fertility x 
herbivory, F1,124=4.71, p=0.0302, Figure 2.8).  As mentioned previously, fertilizer and 
salinity lowered phenolic production, with the highest levels in the fresh, nonfertilized 
treatment.  But, when herbivory was combined with salt stress and fertilizer, phenolic 
levels were even lower.  The other significant herbivory interaction occurred with 
hydrology, where defoliation lowered CRE% levels only when saplings were not flooded 
(F2,124=5.24, p=0.0066, Figure 2.9).    
These data suggest that (1) the nonflooded saplings had a lower CRE% when 
either in fresh water or when defoliated when compared to the flooded treatments.   A 
decrease in phenolic content in response to fertilizer would be expected, because a 
plant is more likely to invest in growth in a nutrient unlimited environment rather than 
production of secondary compounds.   Lower phenolics in response to salt stress also 
may be attributed to the plant allocating resources to remove lethal salt ions from 
tissues, instead of to defenses.  A greater allocation to below-ground biomass (a plant 
response likely to occur under stress) was seen for the nutrient deprived saplings, but 
not for salt stressed saplings.  Increased nitrogen concentrations inside the foliar cells 
may have been a mechanism used to prevent excessive levels of harmful salt ions from 
entering the cells while saplings were under salt stress, as suggested by the increased 
foliar nitrogen in the salted treatments.    
Previous research has indicated that stress induces production of secondary 
compounds.  Even though these tree species are flood adapted, the not flooded 
condition is the optimal environment for sapling growth.  Flooding in the freshwater 
environment increased foliar phenolic content, but not in the salt stressed saplings.  
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Under optimal conditions (non flooded), as well as the fresh fertilized condition, phenolic 
levels were lower than the stressed conditions.  Salinity may have been too severe of a 
stress to allow such a response.  Mechanical defoliation did not induce the expected 
increase in phenolics one week following defoliation.  In this case, mechanical 
defoliation may be acting as a trigger to stimulate plant growth to compensate for 
missing photosynthetic material instead of production of phenolics.  In the optimal 
environment (not flooded or fresh-fertilized), perhaps, it is more likely for this to occur.   
2.4.4  Correlations of Sapling Foliar Nitrogen and Total Phenolics 
A negative correlation was observed between foliar nitrogen and catechin 
reagent (F1.22=63.155, p<0.0001, Figure 2.10).  Based on F-values from the previous 
analyses (Tables 2.4 and 2.5), salinity and fertility were among the largest contributors 
to foliar nitrogen and phenolic levels for both species, but defoliation was more 
important than salinity in determining foliar N%.  When not defoliated, the trend for 
tupelo saplings exhibited a significant negative correlation between %N and CRE% in 
both fertilized and unfertilized treatments (Figure 2.11a).  No significant correlation 
existed when tupelo was defoliated.  Cypress, in all cases, expressed significant 
negative correlations (Figure 2.11b).   
Several regressions were conducted in each of the salt-fertility groups for each 
species to test several hypotheses.  For both species, it was hypothesized that a 
negative correlation between CRE% and N% would remain in fresh water settings, and 
no correlation in salt stressed settings would exist due to the indicated severity of the 
stress that saplings of both species experienced and, potentially, the unavailability of 
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nitrogen to make these compounds.  Another expectation was a stronger negative 
correlation in the fresh, non-fertilized saplings than in the fresh, fertilized saplings.   
For all four of the salt-fertility settings, tupelo CRE% levels were not correlated to 
N% any of the settings (Figure 2.12a-d), where cypress responded in a significantly 
negative manner in all settings (Figure 2.12e-f).  This indicated that cypress metabolic 
functions were being better sustained than tupelo, and they may be better able to 
physiologically adapt to multiple stressors than tupelo.   
In addition, a weaker negative slope or even a positive N% and CRE% slope 
would be expected in the salinity treatments, because there are potentially fewer 
resources available for phenolic production due to the energetic demand for plant stress 
avoidance/tolerance mechanisms for coping with high salinity levels.  Ideally, Na+ and 
Cl- should be sequestered in the vacuole of the cell.  This occurs in most plant species 
as indicated by the high concentrations found in leaves that are still functioning 
normally, as reported by Munns (2002).  NaCl concentrations well over 200 mM are 
common, yet this same concentration will severely limit enzyme activity if in vitro.   An x-
ray microanalysis of cultured tobacco cells growing in 430 mM indicated that Na+ and 
Cl- in the vacuoles were about 780 mM and 625 mM respectively while cytoplasmic 
concentrations of both ions were below 100 mM (Binzel 1988). 
With compartmentalization of Na+ and Cl- in the vacuoles, K+ and organic 
solutes should accumulate in the cytoplasm to balance the osmotic pressure of the ions.  
The compounds that most commonly accumulate are proline and glycine betaine, but 
do differ in certain species (Hasegawa et al. 2000).  Furthermore, the energetic cost of 
synthesizing these compounds for osmotic adjustments compared to intracellular 
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compartmentalization and excretion through salt glands is an order of magnitude higher.  
The number of moles of ATP required to remove one mole of NaCl requires via 
excretion 4 in the root cells and 7 in the leaf cells (Raven 1985).  Raven (1985) further 
reports that synthesis of the osmotic solutes to counter Na+ cost 41 ATP for proline and 
50 for glycine betaine.  Further, this trend is less likely to be seen in tupelo because of 
its lower tolerance to salinity than cypress (or that salt avoidance mechanisms are more 
energetically demanding).      
 
Table 2.4.   ANOVA source table and means for the main effects of foliar nitrogen 
content (%) of greenhouse saplings in May 2002. 
 
Main Effects Mean (±1 s.e.) n F-value p 
Salinity 
  0 ppt 
  3 ppt 
 
2.325 ± 0.072 
2.787 ± 0.097  
 
91 
73 
 
F1,116=29.91 
 
<0.0001 
 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
3.007 ± 0.070 
2.105 ± 0.072 
 
83 
81 
 
F1,116=114.09 
 
<0.0001 
Hydrology 
  Not Flooded 
  Flood-Aerated 
  Flooded 
 
2.568 ± 0.105  
2.647 ± 0.121  
2.452 ± 0.094 
 
63 
48 
53 
 
 
F2,116=1.63  
 
 
0.2005 
 
Defoliation 
  Not Defoliated 
  Complete 
 
2.272 ± 0.070 
2.840 ± 0.091 
 
82 
82 
 
F1,116=45.16 
 
<0.0001 
Species 
  Tupelo 
  Baldcypress 
 
2.461 ± 0.080 
2.651 ± 0.094  
 
85 
79 
 
F1,116=5.06 
 
0.0284 
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Table 2.5.   ANOVA source and means table for the main effects of foliar phenolic 
content (catechin reagent equivalent %) of greenhouse saplings in May 2002. 
Main Effects Mean (±1 s.e.) N F-value p 
Salinity 
  0 ppt 
  3 ppt 
 
5.336 ± 0.229 
3.987 ± 0.222 
 
92 
80 
 
F1,124=21.59 
 
<0.0001 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
4.017 ± 0.206 
5.305 ± 0.248 
 
86 
86 
 
F1,124=19.70 
 
<0.0001 
Hydrology 
  Not Flooded 
  Flood-Aerated 
  Flooded 
 
4.151 ± 0.265 
4.822 ± 0.293 
5.011 ± 0.303 
 
65 
51 
56 
 
 
F2,124= 3.53 
 
 
0.0323 
Defoliation 
  Not Defoliated 
  Complete 
 
4.896 ± 0.222 
4.427 ± 0.250 
 
86 
86 
 
F1,124=2.61 
 
0.1090 
Species 
  Tupelo 
  Baldcypress 
 
5.187 ± 0.239 
4.136 ± 0.224 
 
87 
85 
 
F1,124=13.12 
 
0.0004 
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Figure 2.5.  Foliar nitrogen content (%) of cypress and tupelo sapling (harvested one 
week after the 2002 feeding assays) after being subjected to three hydrology regimes 
(n=21-32 per bar, error bars ±1 s.e.).   
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Figure 2.6.  Foliar nitrogen content (%) of cypress and tupelo sapling (harvested one 
week after the 2002 feeding assays) after being subjected to (a) fresh and (b) salt water 
conditions with variable fertility and hydrology regimes (n=9-16 per bar, error bars ±1 
s.e., star denotes statistical contribution to 3-way interaction).   
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Figure 2.7.  Total phenolic content (catechin reagent equivalent %) of cypress and 
tupelo saplings (after being subjected to variable salinity and hydrology regimes 
(harvested one week after the 2002 feeding assays, ±1 s.e.).   
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Figure 2.8.  Total phenolic content in catechin reagent equivalent (%) of cypress and 
tupelo saplings (a) fresh and (b) salt water treatments after being subjected to variable 
defoliation and fertility regimes (harvested one week after the 2002 feeding assays, ±1 
s.e.).   
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Figure 2.9. Total phenolic content in catechin reagent equivalent (%) of cypress and 
tupelo saplings (harvested one week after the 2002 feeding assays) after being 
subjected variable salinity and fertility regimes (±1 s.e.).   
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n=164, r2=0.280 
y=-1.460x+8.540 
F1.22=63.155, p<0.0001 
Figure 2.10. Linear regressions of foliar nitrogen content (%) and total foliar phenolics in 
catechin reagent equivalent (%) of tupelo and cypress saplings (leaves harvested one 
week after the 2002 feeding assays; (equation with 95% confidence interval, r2, n, and F 
and p-values are given). 
 45 
 (a) Fertilized, Nondefoliated 
1 2 3 4 5 
Foliar Nitrogen (%) 
0 
2 
4 
6 
8 
10 
12 
C
at
ec
hi
n 
R
ea
ge
nt
 E
qu
iv
al
en
t (
%
) 
(b) Fertilized, Defoliated 
1 2 3 4 5 
Foliar Nitrogen (%) 
0 
2 
4 
6 
8 
10 
12 
C
at
ec
hi
n 
R
ea
ge
nt
 E
qu
iv
al
en
t (
%
) 
(c) Nonfertilized, Nondefoliated 
1 2 3 4 5 
Foliar Nitrogen (%) 
0 
2 
4 
6 
8 
10 
12 
C
at
ec
hi
n 
R
ea
ge
nt
 E
qu
iv
al
en
t (
%
) 
(d) Nonfertilized, Defoliated  
1 2 3 4 5 
Foliar Nitrogen (%) 
0 
2 
4 
6 
8 
10 
12 
C
at
ec
hi
n 
R
ea
ge
nt
 E
qu
iv
al
en
t (
%
) 
n=21,r2=0.279 
y=-3.187x+11.374 
F1,19=7.335, p=0.014 
n=21,r2=0.006 
y=-0.255x+6.193 
F1,19=0.106, p=0.748 
n=22,r2=0.065 
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n=21,r2=0.299 
y=-2.337x+11.124 
F1,19=8.094, p=0.010 
  
Figure 2.11a. Linear regressions of tupelo sapling foliar nitrogen content (%) and total 
foliar phenolics in catechin reagent equivalent (%) under fertilized (top) and defoliated 
(right) treatments, leaves harvested one week after the 2002 feeding assays; (equation 
with 95% confidence interval, r2, n, and F and p-values are given). 
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n=20, r2=0.432 
y=-2.077x+9.657 
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Figure 2.11b.  Linear regressions of cypress sapling foliar nitrogen content (%) and total 
foliar phenolics in catechin reagent equivalent (%) under fertilized (top) and defoliated 
(right) treatments, leaves harvested one week after the 2002 feeding assays (equation 
with 95% confidence interval, r2, n, and F and p-values are given). 
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n=18, r2=0.565 
y=-9.079x+-1.701 
F1.16=20.742, p<0.0001 
n=19, r2=0.185 
y=-1.158x+7.327 
F1.17=3.869, p=0.066 
n=24, r2=0.060 
y=-1.113x+8.576 
F1.22=1.393, p=0.250 
n=24, r2=0.014 
y=-0.598x+7.594 
F1.22=0.312, p=0.582 
h. Cypress, Salt-Nonfertilized 
n=18, r2=0.343 
y=8.415x+8.415 
F1.16=8.363, p=0.011 
g. Cypress, Salt-Fertilized
 f. Cypress, Fresh-Nonfertilized
n=21, r2=0.283 
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Figure 2.12.  Linear regressions of foliar nitrogen content (%) and total foliar phenolics 
in catechin reagent equivalent (%) of tupelo (a-d) and cypress (e-h) saplings in 
response to the salinity and nutrient regimes, leaves harvested one week after the 2002 
feeding assays; (equations with 95% confidence interval, n, and F and p-values are 
given). 
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2.4.5  Total Biomass 
Upon analyzing biomass, a significant 4-way interaction occurred among 
hydrology, salinity, fertility, and species (F2,47=3.25, p=0.0477).  To aid in the 
interpretation, the two species were separated and a Fisher’s LSD (alpha = 0.05) was 
used to interpret mean differences for each species among the different environmental 
treatments.  These differences within a species and variation in trends between species 
are discussed in the following three paragraphs and displayed in Figure 2.13 (a) tupelo 
and (b) cypress.   
Across all freshwater hydrology types for both species, application of fertilizer 
(solid-white bars) increased sapling productivity compared to their non-fertilized 
counterpart (white-patterned bars), especially for tupelo (Figure 2.13a) where the 
flooded, fertilized treatments were significantly more productive than the nonflooded, 
nonfertilized treatment.  This suggests that if a diversion into fresh, nutrient-limited 
swamps was implemented, that tupelo productivity should increase markedly, even if 
the pre-existing condition was not flooded. 
Freshwater conditions for cypress, however, revealed a different growth 
response pattern (Figure 2.13b); fertilizer in the flooded treatments yielded growth 
similar to the not flooded, not fertilized situation.  This suggests for cypress, that if a 
diversion enters an area that was not previously flooded and nutrient deprived, 
productivity might not increase (but not hinder it either).  However, if the pre-existing 
condition is flooded and nutrient limited (classic to many impounded swamps), cypress 
will more than double its productivity.  The difference between these two species in the 
cases above can be explained by the observation that tupelo apparently is more tolerant 
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to flooding stress, and possibly nutrient stress than cypress in freshwater scenarios.  
Also, a significant three-way interaction among salt, fertility, and species (F1,47=24.10, 
p<0.0001, Figure 2.13) supports the hypothesis that that tupelo saplings (2.13a) make 
better use of fertilizer than cypress (2.13b) while in freshwater conditions. 
When comparing the productivity of the flooded, nutrient-deprived, freshwater 
treatments (white-pattern bars) to salt stress (solid grey and grey-patterned), cypress 
productivity was similar (Figure 2.13b), while tupelo showed that salt stress reduced 
productivity more than the flooded, nutrient deprived state.  The only situation where 
salt stress appeared not to be as detrimental as the other salt treatments was the 
nonflooded, fertilized, salinated saplings (first solid-grey bar) of both species (Figure 
2.13).  This treatment was more productive than all other salted combinations (solid 
grey and grey-patterned bars).  This was especially true for cypress where total 
biomass did not differ from the fresh, non-flooded, fertilized saplings.  This suggests that 
fertilization should increase sapling productivity (and perhaps fertilization of planted 
saplings) in salt stressed environments as long as permanent flooding does not 
accompany salinity levels greater than 3 ppt.  Further, it appears that the extra nutrients 
needed to drive the machinery for salt stress avoidance/tolerance in cypress may be 
available only when not flooded. 
All of the above comparisons describe the productivity of cypress and tupelo 
across different ecosystem types and not differences that can occur within a site.  For 
example, within an immediate area, salinity, fertility, and hydrology are not likely to differ 
from tree to tree.  However, for defoliation, this does not hold true.  The degree of 
defoliation can vary from tree to tree, and it is possible also that the insect pest of either 
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tree species may be present while the other is not.  Therefore, the interpretations of the 
defoliation interactions are discussed with the intent of describing differences that can 
occur within an area.   
A significant 3-way interaction occurred for both species among hydrology, 
fertility, and defoliation (F2,47=3.27, p=0.0467; Figure 2.14).  For both species, the 
fertilized, non-flooded, non-defoliated saplings had the highest growth.  When 
considering these species with respect to salinity and defoliation, a significant 
interaction existed (F1,47=5.96, p=0.01; Figure 2.15).  In fresh water situations, 
defoliation lowers the productivity in both species while salt stress showed no difference 
in productivity with regard to defoliation (Figure 2.15).  For tupelo, salt stress lowered 
productivity more than defoliation, indicating that salt stress is more important for 
determining productivity (Figure 2.15).  For cypress however (Figure 2.15), defoliation 
lowered productivity as much as salt stress, indicating that defoliation may be just as 
important for productivity as salinity (3 ppt).  Source tables of the main effects and 
significant 2-way interactions are displayed in Tables 2.6 and 2.7, however, these 
effects are interpreted in context of the higher order interactions mentioned above. 
2.4.6  Root:Shoot Ratio  
  The results of the root:shoot analysis are reported in Tables 2.3 and 2.4 with 
their corresponding main effects, significant two-way interactions, and means.  With 
respect to hydrology, the not flooded treatment had a higher allocation of biomass to 
root production for both species (F2,48=25.04, p<0.0001, Table 2.8); but this higher root 
productivity in the unflooded state was mainly driven by unflooded cypress (evident by 
the species x hydrology interaction, F2,48=3.67, p=0.0327, Table 2.9) and nonflooded 
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unfertilized conditions, (fertilizer x hydrology interaction, F2,48=3.67, p=0.0011, Table 
2.9).   Usually, fertilizer lowered relative root biomass production (F1,48=8.31, p=0.0059, 
Table 2.4), particularly for cypress (species x fertilizer,  F1,48=8.79, p=0.0047, Table 2.9) 
whereas the tupelo ratio was similar.  In addition, fresh water generally had a higher 
root:shoot biomass ratio (F1,48=20.52, p<0.0001, Table 2.9), especially when not 
fertilized (salinity x fertilizer interaction,  F1,48=4.17, p=0.0466, Table 2.9).  
In half of the cases, defoliation increased the root:shoot biomass ratio 
(F1,48=18.55, p<0.0001, Table 2.8), or it was the same, depending on the species and 
the environmental conditions during which defoliation took place.  Interestingly, three 
significant 3-way interactions existed with respect to defoliation and species.  This 
means that when under herbivory pressure, the two species allocated biomass 
differently depending upon fertilizer application (F1,48=11.49, p=0.0014, Figure 2.16 a-b), 
salinity level (F1,48=5.02, p=0.0298, Figure 2.16 c-d), and hydrology type (F2,48=3.58, 
p=0.0356, Figure 2.16 e-f).  Defoliation of tupelo caused relative increased root 
production, but only when subjected to fertilized (Figure 2.16a), fresh (Figure 2.16c), or 
flooded (Figure 2.16f) conditions. But, defoliation of cypress exhibited increased root 
production when not fertilized (Figure 2.16b), salted (Figure 2.16d), or not flooded 
(Figure 2.16e).     
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Figure 2.13.  Mean total biomass (g) of (a) tupelo and (b) cypress saplings under 
different hydrology types, salinities, and fertilizer applications after 22 months.  (Fisher’s 
LSD, α=0.05, denotes significant differences for each species; n=4 for each bar, error 
bars ±1 s.e.).
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Figure 2.14.  Mean total biomass (g) of tupelo and cypress saplings under different 
hydrology types, defoliation levels, and fertilizer applications after 22 months. (n=8 for 
each bar, error bars ±1 s.e., star denotes statistical contribution to 3-way interaction). 
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Figure 2.15.  Mean total biomass (g) of tupelo and cypress saplings under different 
salinity and defoliation levels after 22 months. (n=12 for each bar, error bars ±1 s.e., 
star denotes statistical contribution to 3-way interaction). 
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Figure 2.16.  Mean root:shoot ratio of sapling biomass (May 2003 harvest) of the three 
significant 3-way interactions of herbivory and species with (a-b) fertilizer application, (c-
d) salinity level, and (e-f) hydrology type (mean differences for each row were denoted 
using Fisher’s LSD, a=0.05; n is located within each bar; error bars ±1 s.e.).  
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Table 2.6.  ANOVA source table and means for the main effects of dry sapling biomass 
(g) from the May 2003 harvest. 
Main Effects Mean (±1 s.e.) n F-value p 
Salinity 
  0 ppt 
  3 ppt 
 
338.7 ± 31.4 
167.2 ± 16.3 
 
48 
45 
 
F1,47=206.73 
 
<0.0001 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
333.9 ± 34.3 
171.7 ± 11.6 
 
48 
45 
 
F1,47=187.26 
 
<0.0001 
Hydrology 
  Not Flooded 
  Flood-Aerated 
  Flooded 
 
332.1 ± 38.6 
206.2 ± 31.1 
215.9 ± 27.4 
 
31 
30 
32 
 
 
F2,47=35.58 
 
 
<0.0001 
Defoliation 
  Not Defoliated 
  Complete 
 
285.6 ± 33.7 
214.0 ± 18.0 
 
46 
47 
 
F1,47=32.22 
 
<0.0001 
Species 
  Tupelo 
  Cypress 
 
276.4 ± 32.4 
224.6 ± 21.5 
 
47 
46 
 
F1,47=28.76 
 
<0.0001 
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Table 2.7.  The mean total biomass (g) without leaves of cypress and tupelo saplings in 
2002 of the significant two-way interactions (significant differences of among the means 
of each interaction were determined using Fisher’s LSD, α=0.05, ±1 s.e.). 
 
 Fertilized Not Fertilized F value p>F 
Hydrology x Fertilizer      
  Not Flooded 468.7 ± 61.7 a 210.8 ± 20.0 c   
  Flooded-Aerated 307.3 ± 57.3 b 147.9 ± 20.2 d F2,47=9.82   p=0.0003 
  Flooded 275.4 ± 48.3 b 156.5 ± 17.3 d   
Defoliation x Fertilizer      
  Not Defoliated  417.6 ± 57.4 a 178.8 ± 20.1 c F1,47=21.12  p<0.0001 
  Defoliated 283.4 ± 31.8 b 164.7 ± 12.0 c   
Salinity x Fertilizer     
  Fresh 497.4 ± 48.6 a 212.6 ± 16.3 b F1,47=65.93 p<0.0001 
  Salt (3 ppt) 203.5 ± 28.8 b 130.9 ± 11.8 c   
Species x Fertilizer     
 Tupelo 413.1 ± 57.0 a 179.0 ± 19.0 c F1,47=18.04 p<0.0001 
 Cypress 287.9 ± 37.8 b 164.5 ± 13.6 c   
     
 Fresh Salt (3ppt) F value p>F 
Defoliation x Salinity      
  Not Defoliated 436.0 ± 49.4 a 160.4 ± 28.4 c F1,47=45.13 p<0.0001 
  Defoliated 274.1 ± 30.7 b 174.0 ± 16.5 c   
Species x Salinity     
  Tupelo 446.5 ± 50.9 a 145.7 ± 14.6 d F1,47=75.17 p<0.0001 
  Cypress 263.6 ± 30.8 b 188.8 ± 28.8 c   
     
 Tupelo Cypress F value p>F 
Hydrology x Species     
  Not Flooded 347.9 ± 64.0 a 331.6 ± 45.3 
ab 
  
  Flooded-Aerated 297.6 ± 57.0 b 157.6 ± 24.1 d F2,47=7.75 p=0.0012 
  Flooded 242.6 ± 48.4 c 189.3 ± 25.8 d   
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Table 2.8.  Means of root:shoot ratios (below ground and adventitious roots: stem and 
branches without leaves) of sapling biomass.  Values >1 exhibit a higher contribution to 
root production. 
 
Main effect 
 
Mean (±1 s.e.) 
 
n 
 
F value 
 
p 
Hydrology  
  Not Flooded 
  Flooded-Aerated 
  Flooded 
 
0.964 ± 0.057 a 
0.685 ± 0.036 b 
0.704 ± 0.038 b 
 
31 
31 
32 
 
F2,48=25.04 
 
 
p<0.0001 
Salinity  
  Fresh (0 ppt) 
  Salt (3 ppt) 
 
0.865 ± 0.042 
0.703 ± 0.036 
 
48 
46 
 
F1,48=20.52 
 
 
p<0.0001 
Defoliation  
  None  
  Complete 
 
0.707 ± 0.031 
0.861 ± 0.046 
 
48 
47 
 
F1,48=18.55 
 
 
p<0.0001 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
0.733 ± 0.030 
0.836 ± 0.048 
 
46 
48 
 
F1,48=8.31 
 
 
p=0.0059 
Species 
  Tupelo 
  Baldcypress 
 
0.790 ± 0.035 
0.795 ± 0.046 
 
47 
47 
 
F1,48=0.14 
 
 
NS 
 
 
 59 
Table 2.9.  The mean root : shoot ratios of sapling biomass (below ground and 
adventitious roots : stem and branches without leaves) of the three significant fertilizer 
interactions with salinity, species, and hydrology and a hydrology x species interaction 
(significant differences of among the means of each interaction were determined using 
Fisher’s LSD, α=0.05, ±1 s.e.). 
 Fertilized Not Fertilized F value p>F 
Hydrology x Fertilizer      
  Not Flooded 0.793 ± 0.039 b  1.135 ± 0.088 a F2,48=11.61 p<0.0001 
  Flooded-Aerated 0.718 ± 0.060 bc 0.653 ± 0.040 c   
  Flooded 0.688 ± 0.055 bc 0.720 ± 0.054 bc   
Species x Fertilizer     
  Tupelo 0.792 ± 0.048 a 0.790 ± 0.051 a F1,48=8.79 p=0.0047 
  Cypress 0.673 ± 0.033 b 0.882 ± 0.082 a   
Salinity x Fertilizer     
  Fresh 0.777 ± 0.052 b 0.954 ± 0.061 a F1,48=4.17 p=0.0466 
  Salt (3 ppt) 0.688 ± 0.029 b 0.718 ± 0.069 b   
 
Hydrology x Species  Tupelo Cypress F value p>F 
  Not Flooded 0.885 ± 0.053 b 1.043 ± 0.097 a F2,48=5.77 p=0.0057 
  Flooded-Aerated 0.746 ± 0.059 c 0.624 ± 0.037 c   
  Flooded 0.741 ± 0.062 c 0.666 ± 0.044 c   
1.4.7  Foliar Nitrogen Content for 2003 
Results presented in this paragraph include only the fresh water-treated saplings.  
Cypress, again, was found to have higher nitrogen levels than tupelo (F1,19=10.02, 
p=0.0051, Table 2.10).  For both species, fertilized treatments, again, had a higher foliar 
nitrogen content than the unfertilized treatments (F1,19=344.28, p<0.0001, Table 2.10).  
Nitrogen levels in cypress (Figure 2.17b) were higher than expected when fertilized and 
nondefoliated were compared to tupelo (Figure 2.17a) in that same treatment (species x 
fertility x defoliation, F1,19=5.41, p=0.0312).  Hydrology influenced nitrogen levels 
differently for each species and defoliation level (species x defoliation x hydrology, 
F2,19=5.92, p=0.0101).  When neither species were defoliated, tupelo (Figure 2.18a) had 
a higher nitrogen level in nonflooded than the flooded treatments; however, cypress 
(Figure 1.18b) had a higher nitrogen level in the two flooded treatments than in the 
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nonflooded treatments.  When both species were defoliated, nitrogen levels were similar 
across hydrology types for tupelo (Figure 2.18a), but for cypress (Figure 2.18b) 
defoliation lowered nitrogen levels only in the flooded-aerated treatment when 
compared to the non defoliated saplings. 
 The remaining results summarize differences that were found when salinity was 
included in the reduced RBD model using defoliation as a block.  Species and fertility 
differences were consistent with the fresh only model; cypress had a higher foliar 
nitrogen content than tupelo (F1,50=6.37, p=0.0149, Table 2.11), and fertilizer increased 
foliar nitrogen when compared to the unfertilized saplings (F1,50.6=52.95, p<0.0001, 
Table 2.11).  Salt treated saplings, again for the second year, had a higher foliar 
nitrogen content than the fresh treated saplings (F1,51.9=15.55, p=0.0002, Table 2.11).  
No significant interactions occurred with these variables.      
 
Table 2.10.  Source table of the main effects of foliar nitrogen content (%) in cypress 
and tupelo saplings (only fresh water) from the 2003 harvest. 
Main Effects Mean (±1 s.e.) n F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
2.400±0.067  
1.386±0.042  
 
22 
21 
 
F1,19=344.28 
 
<0.0001 
Hydrology 
  Not Flooded 
  Flooded-Aerated 
  Flooded 
 
1.861±0.165  
1.893±0.141 
1.926±0.169  
 
13 
15 
15 
 
 
F2,19=0.47 
 
 
0.6335 
Defoliation 
  Not Defoliated 
  Defoliated 
 
1.939±0.137  
1.848±0.113 
 
23 
20 
 
F1,19=2.79 
 
0.1113 
Species 
  Tupelo 
  Cypress 
 
1.807±0.116 
1.980±0.139 
 
22 
21 
 
F1,19=10.02 
 
0.0051 
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Table 2.11.  Source table of the main effects of foliar nitrogen content (%) in cypress 
and tupelo saplings from the 2003 harvest that includes salinity. 
Main Effects Mean (±1 s.e.) n F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
2.588±0.082  
1.706±0.066  
 
35 
25 
 
F1,50.6=52.95 
 
<0.0001 
Salinity 
  0 ppt 
  3 ppt 
 
1.893±0.090  
2.402±0.173 
 
43 
17 
 
F1,59.1=15.55 
 
0.0002 
Species 
  Tupelo 
  Cypress 
 
1.996±0.116 
2.299±0.130 
 
30 
30 
 
F1,50=6.37 
 
0.0149 
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Figure 2.17.  Percent nitrogen content in (a) tupelo and (b) baldcypress saplings (only 
fresh water) after being exposed to variable nutrient and defoliation levels from the 2003 
harvest (n=4-6 per bar, ±1s.e.).  
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Figure 2.18.  Foliar nitrogen content of (a) tupelo and (b) baldcypress saplings (only 
fresh water) after being exposed to variable hydrology types and defoliation levels from 
the 2003 harvest (n=3-4 per bar, ±1s.e.). 
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2.4.8  Sapling Recovery after a Diversion Simulation 
The half of the saplings that were not sacrificed for biomass comparisons were 
removed from the multiple stress environments in May and were subjected to uniform 
restoration conditions expected from a diversion (40 days flooding along with nutrient 
enhancement followed by a growing season of draw-down).  Recovery in height growth 
of tupelo and cypress saplings was similar after the restoration conditions were applied 
(Table 2.12).  Recovery in height growth of both saplings from previously flooded and 
nonflooded treatments was similar (Table 2.12).  Recovery in height growth of both 
saplings from previously fertilized and unfertilized growth was similar (Table 2.12). 
Recovery in height growth of both saplings from previously defoliated and undefoliated 
saplings was the same (Table 2.12).  However, salt-treated saplings grew less than the 
fresh water treated saplings (F1,35=7.39, p=0.0101, Table 2.12).   
During this recovery period, 100% of the saplings that died were in the salted 
treatment and 88% of the saplings that died or had dead terminals and coppice growth 
were in the salted treatment as well.  However, once those saplings were removed from 
the analysis, height growth of the survivors of the salt-stressed saplings was similar 
(F1,33=0.78, p=0.3833, Table 2.12) to seedlings that had previously been treated with 
freshwater.  This indicates that as long as trees are still alive and have an intact canopy, 
freshening the system and adding nutrients should ameliorate sapling stress and allow 
them to grow in height as if they had not been stressed.  
All main effects with diameter, however, showed lingering differential growth from 
the previous multiple stressors after being subjected to the restoration conditions (Table 
2.13).  Saplings that were in fresh conditions grew more than salted, fertilized more than 
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unfertilized, flooded more than unflooded, and undefoliated more than defoliated, and 
cypress more than tupelo.  However, the only main effect that was not confounded by 
the interactions was the latter, species.  Tupelo saplings grew more in diameter than 
cypress in all treatment combinations (main effect; F1,34=35.89, p<0.0001; Table 2.13), 
except in the salted, not fertilized condition where growth lower and similar between the 
two species (salt x fertilizer x species; F1,34=4.61, p=0.0391; Figure 2.19).  For both 
species, the saplings that recovered most completely had been previously flooded, had 
received fertilizer, and had not been defoliated (hydrology x fertilizer x defoliation, 
F1,34=4.61, p=0.0391, Figure 2.20).   
Once the dead saplings were removed and the dataset was reanalyzed, the main 
effects of salinity, hydrology, and herbivory no longer showed differences (Table 2.13).  
In comparing species, however, tupelo continued to outgrow cypress even in the salted, 
not fertilized condition.  This caused the species interaction with salinity (which was 
significant in the analysis that included dead trees) to no longer be significantly different 
(F1,30=0.36, p=0.5523).   Saplings that were previously fertilized still had the propensity 
to grow more than saplings that were not fertilized (main effect; F1,30=6.10, p=0.0194), 
but were again confounded by the hydrology x fertilizer x defoliation interaction with the 
same pattern as the “only live sapling’s” analysis (F1,30=5.43, p=0.0266, Figure 2.20).    
By nature, both of these species are probably better adapted to flooding than the 
other stress agents tested in this experiment.  Theoretically, these species should 
benefit by growing rapidly after a period of draw-down to compensate for the prolonged 
periods of inundation.  However, this may be more likely to occur if consistently 
provided adequate nutrients over a few years in order to develop this “sit and wait” 
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mechanism or growth strategy.  If presented with other stressors, such as nutrient 
deprivation or defoliation (which are likely to be more stressful than flooding), resources 
must be allocated to deal with the stress present, perhaps at a more costly rate, leaving 
limited reserves for development of the machinery or mechanism to compensate for 
flood stress.  
 
Table 2.12.  Mean height increase (cm) of the main effects from the recovery 
experiment of all saplings (left) and only live, uncoppiced saplings without a dead 
terminal (right) from May to December 2003. 
 All saplings   Live Saplings   
 
Main Effects 
Mean  ± 1 s.e. 
(cm) 
 
n 
F-value, 
p > F 
Mean ± 1 s.e. 
(cm) 
 
n 
F-value, 
p > F 
Salinity 
  0 ppt 
  3 ppt 
 
23.1 ± 3.8 
  8.6 ± 2.7 
 
37 
29 
 
F1,35=7.39, 
 p=0.0101 
 
23.3 ± 3.9 
16.5 ± 6.7 
 
35 
14 
 
F1,33=0.78, 
NS 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
13.6 ± 3.3 
19.5 ± 3.9 
 
31 
35 
 
F1,35=0.47,  
NS 
 
18.4 ± 5.9 
21.3 ± 6.1 
 
23 
26 
 
F1,33=0.10, 
NS 
Hydrology 
  Not Flooded 
  Flooded 
 
11.9 ± 3.0 
20.6 ± 3.9 
 
29 
37 
 
F1,35=2.46,  
NS 
 
14.9 ± 5.8 
24.9 ± 5.6 
 
22 
27 
 
F1,33=1.44, 
NS 
Defoliation 
  Not Defoliated 
  Complete 
 
19.0 ± 3.8 
14.6 ± 3.6 
 
32 
34 
 
F1,35=0.31,  
NS 
 
21.0 ± 6.0 
18.7 ± 5.8 
 
25 
24 
 
F1,33=0.07, 
NS 
Species 
  Tupelo 
  Baldcypress 
 
21.9 ± 4.3 
11.9 ± 2.8 
 
32 
34 
 
F1,35=2.43,  
NS 
 
23.6 ± 5.2 
16.1 ± 5.7 
 
25 
24 
 
F1,33=0.97, 
NS 
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Table 2.13.  Mean diameter increase (mm) from May to December 2003 of the main 
effects from the recovery experiment of all saplings (left) and only live saplings (right). 
 All Saplings   Live Saplings   
 
Main Effects 
Mean ± 1 s.e. 
(mm) 
 
n 
F-value, 
p > F 
Mean ± 1 s.e. 
(mm) 
 
n 
F-value, 
p > F 
Salinity 
  0 ppt 
  3 ppt 
 
5.00 ± 0.64 
3.30 ± 0.68 
 
36 
29 
 
F1,34=7.77, 
p=0.0086 
 
5.02 ± 0.64 
3.69 ± 0.79 
 
36 
20 
 
F1,30=1.37, 
NS 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
5.10 ± 0.79 
3.21 ± 0.55 
 
30 
35 
 
F1,34=9.64,  
p=0.0038 
 
5.57 ± 0.81 
3.14 ± 0.57 
 
25 
31 
 
F1,30=6.10, 
p=0.0194 
Hydrology 
  Not Flooded 
  Flooded 
 
3.41 ± 0.58 
4.90 ± 0.70 
 
29 
36 
 
F1,34=5.95,  
p=0.0200 
 
3.47 ± 0.62 
5.25 ± 0.71 
 
23 
33 
 
F1,30=3.41, 
NS 
Defoliation 
  Not Defoliated 
  Complete 
 
4.84 ± 0.75 
3.47 ± 0.55 
 
32 
33 
 
F1,34=5.00,  
p=0.0321 
 
4.97 ± 0.75 
3.75 ± 0.58 
 
28 
28 
 
F1,30=1.62, 
NS 
Species 
  Tupelo 
  Baldcypress 
 
5.97 ± 0.69 
2.34 ± 0.46 
 
31 
34 
 
F1,34=35.89,  
p<0.0001 
 
5.94 ± 0.67 
2.78 ± 0.52 
 
29 
27 
 
F1,30=15.41, 
p=0.0005 
 
c
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Figure 2.19.  Mean diameter increase (mm) of three-year old cypress and tupelo 
saplings after being subjected to diversion conditions (temporary freshwater flooding 
and nutrient enrichment).  The saplings were previously subjected to (a) fresh and (b) 
salt (3ppt) and under different nutrient regimes (mean differences determined using 
Fisher’s LSD at α=0.05, n is located within bars, error bars ± 1 s.e.).   
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Figure 2.20.  Mean diameter increase (mm) of three-year old cypress and tupelo 
saplings after being subjected to diversion conditions (temporary freshwater flooding 
and nutrient enrichment).  The saplings were previously subjected to (a) not flooded and 
(b) flooded and under different nutrient regimes and defoliation pressure (mean 
differences determined using Fisher’s LSD at α=0.05, n located within bars, error bars ± 
1 s.e.).  
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2.5  Discussion  
Similar trends were maintained for both height and total biomass increase in this 
experiment.  In the same freshwater environment, tupelo generally was more productive 
than cypress.  Tupelo expressed a higher growth when flooded and fertilized, which was 
nearly similar to fertilized unflooded treatment.  However, for both species, these 
findings demonstrate that nutrient enrichment compensated for flooding stress in 
freshwater environments.  Compensation for flooding stress also was apparent in an 
experiment using maple (Acer rubrum) greenhouse seedlings (Day 1987).   One reason 
tupelo may be more flood tolerant is its ability to transport atmospheric O2 to the roots 
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and rhizosphere through internal aeration (McKelvin et al. 1995); cypress is not reported 
to do so, or not as effectively.  Oxygen transport is important in flooded and waterlogged 
soils because it allows plants to produce more ATP in anaerobic environments, which is 
important for selective nutrient uptake against electrochemical gradients.  Also, tupelo is 
a diffuse porous wood with uniform pores throughout that may assist in internal air 
transport, while cypress is ring porous with larger spring pores and tightly formed 
summer wood that may make oxygen transport via diffusion more difficult.  Though 
tupelo is apparently more productive in flooded environments, both species in this 
experiment demonstrated their ability to utilize the additional nutrients while flooded to 
drive growth and productivity.  
Importantly for both species, the combination of nutrient deprivation and flooding 
lead to the poor sapling growth, which was as poor as the growth in the salt-stressed 
saplings.  Also in this experiment, salt lowered productivity, particularly in the flooded 
environments.  One of the leading causes for decline of freshwater wetland plants as 
salt water encroaches into marshes and swamps is not merely the presence of salt, but 
the production of harmful sulfides created by soil reduction processes in an anaerobic 
environment (McKee and Mendelssohn 1989).  However, change in metabolic 
processes of the plant cannot be ignored as a saline environment becomes flooded.  
The ability to exclude Na+ and Cl- from shoot tissues may be one of the most important 
criteria for determining salt tolerance in baldcypress (Allen et al. 1997).  The 
mechanisms of ion avoidance begins at the root-soil interface by exclusion of uptake at 
the root plasmalemma and tonoplasts of the cortex; then by transportation into xylem 
and translocation by phloem and compartmentalizing salt to older leaves followed by 
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abscission of those leaves (summarized from previous studies in Noble and Rogers 
1992).  These functions and loss of valuable photosynthetic materials are presumably 
energetically demanding, and may be not operating at full potential in the presence of 
flooding due to the lack of ATP generated.   
The biomass data in this study support these salt avoidance concepts by 
demonstrating that nutrient enhancement of saplings increased salt tolerance when not 
flooded (Figure 2.13).  The highest productivity of the salted treatments for both species 
was in the fertilized, nonflooded environment, while the unfertilized saplings in that 
same treatment had considerably lower productivity.  This was particularly true for 
cypress where fresh, unflooded, fertilized productivity was not different from the same 
salted environment.  The fact that nutrient enhancement conveyed salt tolerance while 
not flooded, indicates that the machinery to drive ion avoidance is energetically 
demanding, and when flooded, ATP production may be too low, and tolerance is 
therefore lowered.  Although tupelo appeared to express some of this nutrient-
augmented salt tolerance in a nonflooded environment, cypress by far was more 
productive in this setting.   
Defoliation also reduced sapling productivity mainly in the fresh, nutrient 
enhanced environments, with the largest difference observed in nonflooded tupelo.  
Defoliation of cypress resulted in height growth as low as that in the salt stress 
treatments, whereas salt stress for tupelo was more severe.  Salt stress and nutrient 
deprivation, however, were more important in determining productivity, and these 
factors may have masked negative impacts resulting from early season defoliation.   
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Even though these two tree species coexist and essentially perform similar 
ecological functions in swamps, they obviously have different energetic costs and/or 
pathways for managing the same stress as well as multiple combinations.  These 
differences were further accentuated by the relative distribution of root:shoot biomass.  
Defoliation in many cases increased relative root production, but the effect was largely 
dependent on species and environmental setting.  Classical concepts in plant stress 
theories predict root biomass to be higher in response to stress where in the plant 
acquires more resources and decreases above-ground production to ease the resource 
demand (Chapin 1980, Chapin et al. 1987).  At some point however, stress becomes so 
severe that plant metabolic functions are dramatically disrupted and plant productivity 
ceases, which is what is suspected to occur in cypress roots as a result of ion 
imbalances in the presence of salinities greater than 4 ppt (Allen et al. 1997).  Evidence 
of this general trend also existed for tupelo.  As plant stress increased, so did relative 
root production (one stressor) and as stress became more severe (two stressors) root 
production became more equated with shoot production.  Cypress generally tolerated 
two stressors, having a higher biomass contribution to roots except when it was not 
flooded.  Recall that cypress was more tolerant to salt stress when not flooded, 
presumably due to aerobic respiration.  The nonflooded situation allowed for the 
capacity for greater root production to offset other stressors such as salinity, nutrient 
deficiency, and defoliation, while flooding did not.  Also recall that tupelo was less 
affected by flooding, presumably due to a higher air density in the stem to allow for 
greater air transport to the roots for aerobic processes, thus responses were likely to be 
more similar to the unflooded situation.  Overall, tree life history and physiological 
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constraints may play an important role in understanding mechanisms for stress 
adaptations.   
Furthermore, this study has demonstrated that resources are being prioritized 
under the various stress situations. Under fresh, nutrient enhanced and unflooded 
environments, resources were allocated to plant growth and biomass.  Under fresh, 
nutrient-depleted environments or flooded environments, more resources were being 
allocated to plant defenses than in the optimal environment.  Salt stress was apparently 
severe enough to hinder resources acquisition or to prevent defensive compound 
production.    
Flooded, nutrient deficient swamps and salt-stressed swamps are extremely 
common in Louisiana’s forested wetlands and are one of the leading causes of decline.  
These current conditions call for restoration of riverine inputs into swamps and marshes 
to increase elevation through sediment deposition, provide nutrients, and flush out 
salinated environments.  The overall findings reported here are in congruence with 
these culprits of decline and, based on the diversion simulation experiments, show that 
stressed trees have the potential to recover from salt stress (3 ppt), flooding stress, and 
defoliation.  In addition, tupelo saplings are expected to outperform cypress saplings in 
almost any freshwater scenario (growth should be similar when tupelo is defoliated and 
cypress is not), especially in diversion situations, where flooding and nutrient levels are 
prevalent.  Saplings that survive nutrient deprived environments may still have a 
delayed growth recovery in the first year. 
 
CHAPTER 3 
 
FOREST TENT CATERPILLAR AND BALDCYPRESS LEAFROLLER 
RESPONSES TO PLANT STRESS AND PHYTOCHEMICAL PARAMETERS  
 
3.1  Introduction 
3.1.1  Wetland Restoration Issues in Coastal Louisiana 
In the early 1900’s, Louisiana swamps, particularly baldcypress (Taxodium 
distichum (L.) Rich) were harvested en masse (Mancil 1980).  A USDA forest survey 
estimates that some 647,500 ha of swamp were harvested by 1934 (Norgress 1947).  
At present, many of these areas have not naturally regenerated, and it is projected that 
nearly half (93,883 ha) of the swamp remaining could be lost despite current restoration 
efforts (Louisiana’s Coastal Wetlands Conservation and Restoration Task Force 1993 
[hereafter sited as CWPPRA 1993], Louisiana’s Coastal Wetlands Conservation and 
Restoration Task Force, and the Wetlands Conservation and Restoration Authority 1998 
[hereafter cited as COAST 2050 1998]).  Factors suspected to be causing swamp 
demise are prolonged stagnant flooding and saltwater intrusion resulting from 
subsidence, global sea level rise, and impoundment by canal dredging (Conner and 
Toliver 1987, Conner and Day 1988, Greene 1994, Myers et al. 1995, Turner 1997, 
COAST 2050 1998).  In addition, isolation of riverine inputs from the Mississippi River 
into swamps, mainly due to leveeing, may also be a limiting factor for swamp health 
(Mossa 1996, COAST 2050 1998).   
One of the restoration practices that has been suggested to restore swamp health 
in the Lake Pontchartrain Basin in southeast Louisiana is re-establishing riverine inputs 
(Baumann et al. 1984, Templet and Myer-Arendt 1988, Boesch et al. 1994, Day et al. 
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2000).  The Mississippi River once seasonally supplied nutrient-rich fresh water and 
sediments to this swamp as well as many of the currently declining swamps, which 
contributed directly to vertical accretion (Hatton et al. 1983).  Nutrients associated with 
these sediments promoted further accretion through organic soil formation from wetland 
plant production (Hatton et al 1983, Templet and Myer-Arendt 1988, Day and Templet 
1989, Nyman et al. 1993ab, Cahoon et al. 1995, Day et al. 1995, 1997).  In an attempt 
to reconstruct hydrologic patterns, flush out soil phytotoxins and interstitial salt 
accumulated from salt water intrusion events, and increase elevation and production in 
wetlands, several diversions of the Mississippi River are planned or underway 
(CWPPRA 1993, COAST 2050).  
3.1.2  Plant-Insect Interactions 
Annual defoliation occurs on the two dominant tree species in Louisiana swamps, 
baldcypress (a deciduous conifer) and water tupelo (Nyssa aquatica, a deciduous 
hardwood).  These two tree species are frequently defoliated in the spring by the 
baldcypress leafroller (Archips goyerana Kruse) and the forest tent caterpillar 
(Malacosoma disstria Hubner), respectively.  Nutrient influxes from Mississippi River 
diversions could potentially trigger positive responses to both lepidopteran defoliator 
populations either through a shorter development time or increased female pupal 
weights (higher fecundity).  Previous studies have shown that plant fertilization, or 
nutrient enhancement of nitrogen and total nutrients have strong positive effects on 
insect herbivore population dynamics (Mattson 1980, Waring and Cobb 1992).  Of the 
186 fertilization studies from a meta-analysis by Waring and Cobb (1992), 60% reported 
positive responses by herbivores, 25% reported no response, and 11% reported 
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negative responses.   Furthermore, the subsequent increase in defoliation could hinder 
growth and cause tree dieback or mortality and further alter nutrient cycling processes 
in wetlands.  The study of plant-nutrient-insect interactions is still in its infancy, and valid 
generalizations are rare.  Problems of scale, previous history, specificity of response, 
separation of cause and effect, and confounding variables torment those who describe 
plant-insect interactions.  A need for carefully designed, critical, long-term manipulative 
experiments is obvious (Loehle 1988).   
Defoliator populations in swamps could be affected by the environmental stress of 
the host tree, which may directly affect nutrient cycling processes.  Various studies have 
shown clear and positive responses of insect herbivores to plant stress (Kennedy et al. 
1958, Rhoades 1979, Rhoades 1985, White 1984), while others suggest that stress is 
even negative or negligible (Bogenschultz and Konig 1976, Dale 1988, Larson 1989, 
Schoene 1941, and White 1984).  In a meta-analysis on insect performance, chewing 
insects consistently responded negatively to drought and pollution stressed trees, and 
positively to shade (Koricheva et al. 1998).  In a summary paper of literature, Waring 
and Cobb (1992) found that coniferous trees were the only plants that did not elicit a 
strong positive herbivore response to fertilization, and suggested that conifers may 
become more resistant and/or less attractive to herbivores when fertilized than 
angiosperms, which could be the case here for cypress and tupelo.   A rise in water 
level, resulting from the diversion, could further stress wetland trees which may allow for 
further susceptibility to herbivory (Goyer and Chambers 1996).  Healthy wetland trees, 
on the other hand, could become more vigorous with planned diversions and better 
deterring or tolerating insect herbivory.   
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One study, regarding baldcypress leafroller performance and its relation to salt 
stress on baldcypress, found that salinity (0-6 ppt) had little overall effect on larval 
relative growth rate (Goyer et al., unpublished data).  However, relative growth rate 
displayed significant differences in performance among putatively salt tolerant 
genotypes of cypress (Johnson 2004, Goyer et al., unpublished data).  Further, the 
baldcypress leafroller responses to nutrient enhancement varied among genotypes 
(Johnson 2004).  One field study in a Florida swamp demonstrated that flavonoid 
compound profiles of baldcypress foliage (for trees of the same parent population) were 
different when growing under impounded hydrologic conditions (permanently flooded) 
than when grown under typical hydrologic conditions of intermittent flooding (Miller et al. 
1993).  This also may affect baldcypress leafroller populations. 
Studies conducted on the forest tent caterpillar showed reduced growth and food 
processing efficiencies when fed leaves from elevated CO2 and drought stressed aspen 
seedlings (Roth et al. 1997).  Also, forest tent caterpillars performed poorly on high-light 
and low-nutrient availability treatments on aspen (Hemming and Lindroth 1999).  
Further, phenolic glycosides are the primary factor for determining aspen foliage quality 
for the forest tent caterpillar (Hemming and Lindroth 1995).   In addition, Roland (1993) 
reported that populations of the forest tent caterpillar exhibit longer outbreaks in 
fragmented mixedwood forests than in continuous mixedwoods forest in Ontario, 
Canada.  He found that the amount of forest edge was a good indictor of the years of 
forest defoliation.  This may be important for Louisiana swamps, because heavy 
fragmentation has occurred in the last two centuries and forest density continues to 
decline due to environmental stress and harvest.   However, little known research has 
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been conducted on the growth and development of the baldcypress leafroller and the 
forest tent caterpillar with regard to major factors causing environmental stress to 
wetland tree species.   
Similarly to plant response experiments, the relationship between plant stress and 
insect performance also commonly include only one type of stress treatment to the host 
plant (Koricheva et al. 1998).  Searching for single-factor explanations may be 
extremely difficult to clearly establish in field situations.  Maintaining all variables while 
holding constant while manipulating one is often impossible in most field situations; new 
emphasis on multivariate, factorial, and discriminant techniques may prove to be more 
profitable (Schowalter et al. 1986).  Experiments that do address multiple stressors 
simultaneously suggest importance of the combination of drought, nutrient deficiency, 
and/or air pollution (Larsson and Tenow 1984, Young and Hall 1986, Mattson and 
Haack 1987, Neuvonen and Lindgren 1987, Warrington and Whittaker 1990).  
Furthermore, single-factor approach commonly applied may be simplistic and may not 
fully simulate abiotic conditions thought to trigger insect outbreaks (Koricheva et al. 
1998).   
It is important to determine how the population dynamics of the baldcypress 
leafroller and the forest tent caterpillar could be affected by environmental stress of the 
host tree in existing swamps.  Also, it is important how they may respond to planned 
restoration practices with an influx of fresh, nutrient-rich water from planned diversions 
of the Mississippi River.  This is a comparative study of the forest tent caterpillar and the 
baldcypress leafroller performance on trees that are subjected to the major 
environmental stress agents causing decline of baldcypress and tupelo trees (prolonged 
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flooding, saltwater intrusion, nutrient deficiency, decreased riverine energy or 
throughput) as well as restoration settings (flooding and high nutrients) such as 
diversions (riverine influx) planned for Louisiana swamps.  By using this holistic 
approach, key plant stress-insect complexes can be identified for threatened Louisiana 
swamps that will provide guidance to more detailed questions and certainly warrant 
further research in multiple disciplines including plant physiology, insect physiology, 
nutrient cycling, wetland ecology, and their interactions.  
3.2  Methods  
Lab rearing experiments reported herein were conducted to determine the effects 
on larval growth and development of the baldcypress leafroller (BCLR) and the forest 
tent caterpillar (FTC) when host saplings (tupelo and baldcypress, respectively) are 
subjected to variable salinity levels, hydrology types, and nutrient regimes.  To 
determine if insects respond differently to a multitude of host stressors, larval feeding 
studies were conducted using greenhouse saplings that were subjected to three cross-
classified abiotic stress agents (resulting in 12 different environmental situations).  The 
sapling preparation and greenhouse methods, including experimental design, are 
discussed in the following section titled 3.2.1 First-Year Host Tree Treatments and 3.2.4 
Second-Year Host Tree Treatments.  Then, the next five sections titled:  3.2.2 Pupal 
Weight, Growth Rate, and Development Time Feeding Assay, 3.2.3  Leaf Chemical 
Content, and 3.2.5 Waldbauer Feeding Assay discuss specifics to the feeding assays 
conducted.    
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3.2.1  First-Year Host Tree Treatments 
In February of 2001, one-year-old baldcypress and tupelo saplings were planted in 
20-liter pots (50 cm in height) in a soil mixture consisting of one 34.1 kg bag vermiculite, 
three bags of 112 liters (4 cu ft) peat moss, and 0.315 m3 (21 trays- 30cm x 50cm x 
10cm) of sterilized river silt.  To prevent shifting of the pots and prevent soil from 
eroding out of the drainage holes at the bottom and to keep the porous soil from rising 
during the experiment, a 2 cm layer of rocks was placed on the bottom of the pots 
before planting.  Potted seedlings were fertilized with 28 g of quick release All Star 
fertilizer 13-13-13 (ASTA, El Centro, CA.) and maintained in a high-roofed greenhouse 
formerly used for sugarcane culture until initiation of the experiment.   
In August, the saplings were subjected to a multi-factor experiment with treatments 
arranged in split-plot design with a 2x2x3 factorial arrangement and their interactions in 
the main plot and a 2x2 factorial arrangement and all remaining interactions in subplot.  
The main plot included 2 fertility levels (not fertilized and fertilized - equivalent N loading 
rates of a 8000 cfs Mississippi River diversion (10.4 g/m2/yr) from Lane et al. (1999) and 
2 salinity levels (0 ppt and 3 ppt-upper salinity level of natural tree occurrence and 
repeated defoliation), 3 hydrology regimes (no flooding, 20-cm flooding, and 20-cm 
flooding with aeration-to simulate throughput and soil column exchange that would 
occur in the presence of a diversion.  The subplot included 2 species (baldcypress and 
tupelo) and 2 simulated herbivory levels (no defoliation and complete defoliation), with 
four replications of the highest order interaction.  In order to determine phytochemical 
response, these stress agents as well as the effects of defoliation and its potential 
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interaction with the other stressor, a complete set of undefoliated controls were 
preserved in all treatment combinations. 
In order to achieve these treatment combinations, 24 aluminum livestock 
watering tanks (122 cm x 61 cm wide) were lined with a layer of 2-mm thick plastic 
allowing eight potted saplings (four baldcypress and four tupelo) to fit in each tank.  
Each of the 12 possible fertility-salinity-hydrology combinations (tank) were replicated 
(2x) and randomly distributed in the greenhouse.  A dosage of 35 grams of Osmocote® 
18-6-12 was applied to all fertilized treatments and an additional 2-cm layer of gravel 
was applied to all pots to prevent flotation of the porous soil during flooding.  Fertilizer 
dosage was determined by using nitrogen-loading rate (10 g/m2/yr) similar to an 8000 
cfs Mississippi River diversion and calculated based upon the surface area of the tank 
(0.74 m2).  This dosage  then was applied evenly among the eight potted saplings in 
each of the fertilized tanks.  The water level of both of the flooded treatments was 
maintained 20 cm above the soil surface and the non-flooded treatments had a water 
level maintained 10 cm below the soil surface.  The aerated-flooded treatment was 
regulated with a regenerative blower (Sweetwater Model SL22, Aquatic Ecosystems, 
Apopka, FL.) forcing air through pumice stones. The species and herbivory treatments 
were randomly distributed within each of the cross-classified tanks.   Height and 
diameter was recorded 10 cm above the soil for all saplings. 
In February 2002, diameter and height were recorded and fertilizer was again 
applied to the designated treatments.  In April, when larval (caterpillar) emergence of 
the forest tent caterpillar and the baldcypress leafroller began in southern Lake 
Maurepas, herbivory simulation began on both tree species by mechanically removing 
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leaves over a period of 4 weeks using scissors.  Leaves were removed incrementally at 
approximately 25% of the total canopy per week until all leaves were removed. Tupelo 
leaves were trimmed around the mid-vein and cypress leaves were cut leaving 25% of 
the leaf attached to the stem.  The time frame and techniques were used in order to 
mimic field defoliation rates and larval feeding.  In late May 2002, whole leaves were 
removed from all saplings (not exceeding 5% of the leaves from the saplings that were 
not defoliated) to determine nitrogen content and total phenolics.   Note:  I made the 
assumption that the limited leaf removal from the undefoliated saplings did not affect 
plant growth and productivity for the year.  Only insect response to the stress treatments 
is reported here; plant growth, foliar chemistry, and productivity are discussed in 
Chapter 2.   
3.2.2 Pupal Weight, Growth Rate, and Development Time Feeding Assay  
First-stage larvae of the forest tent caterpillar and baldcypress leafroller were 
collected from field sites in southern Lake Maurepas in the spring of 2002.  First-stage 
forest tent caterpillar displays aggregate feeding behavior (Lorimer 1979) and were 
therefore fed on tupelo leaves from southern Lake Maurepas in groups of 200-300 until 
the second molt when they were reared individually in feeding bioassays.  The 
baldcypress leafroller does not display aggregate feeding behavior and was reared in 
the bioassay after the first molt.  In April, the clipped leaves from the 96 saplings 
receiving the defoliation mentioned in the Host Preparation Methods section were 
placed in the diet cups.  Four to eight freshly molted larvae (depending on leaf 
availability) were individually weighed to the nearest 0.1mg and placed on the leaf 
clippings of their respective host.  Larvae that died before 15 days were replaced.   
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The larvae were fed leaf portions twice weekly from the same sapling in a closed 
insect diet cup (30 ml for the baldcypress leafroller and 120 ml for the forest tent 
caterpillar) that was cleared of old plant material and frass.  Due to space limitation, the 
species were reared in separate growth chambers at 22ºC with a 12-hour light cycle 
using standard fluorescent bulbs.  The BCLR was reared in a Hotpack® multimode 
programmed incubator (Philidelphia, PA, USA) and the FTC was reared in Percival® 
incubator with an Intellus® environmental controller.  Since direct comparisons between 
the two species are not of primary interest, using different container sizes and incubator 
types were deemed to have no consequence.   
Wet weight of freshly molted pupae, time of development, final pupal biomass 
were recorded.  The pupae were dried, weighed, and sex was determined.  Relative 
growth rate was calculated on a dry weight basis using formulae from Waldbauer 
(1968).  Formula for growth rate:  G.R. = larval weight gain(mg) / feeding period(days) 
3.2.4  Leaf Chemical Content  
The leaves of the greenhouse saplings were collected for chemical analyses at 
the end of the feeding studies in 2002 (April 26 -May 27) and in 2003 (May 17-18, 
during the biomass harvest).  Catechin reagent equivalents (CRE%), a measure of total 
phenolics, and total Kjeldahl Nitrogen (N%) are reported as percent leaf dry weight.  
Procedures for leaf preparation and analyses for 2002 and 2003 are described in 
Chapter 2, 2.2.2 Leaf Chemical Content.   
3.2.5 Second-Year Host Tree Treatments 
The experiment described in the 3.2.1 First-Year Host Preparation Methods was 
carried out the second year to replicate feeding assays and plant growth experiments.  
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By August of 2002, mortality of some of the saplings became evident, particularly in 
many the salted treatments.  In order to have sufficient foliage for feeding assays in the 
second year, dead trees were replaced.  In the spring of 2003, adequate representation 
of leaves from the salinity treatments could not be provided by the saplings, and 
consequently insect growth on salt stressed trees was not determined for the second 
year.  The feeding assay, therefore, tested the effects of hydrology (not flooded, 
flooded, and flooded-aerated) and fertility (no fertilizer and fertilizer) and their interaction 
on the FTC.  For the BCLR aeration and flooding were combined and represented one 
flooded treatment to have adequate representation of foliage for the overall effect of 
flooding.  Furthermore, the analysis of the 2003 leaf parameters indicated no significant 
differences in N% and CRE% between the flooded and flooded-aerated saplings (Table 
2.10).   
To evaluate potential induced growth response in the saplings that may not have 
occurred with only mechanical defoliation in 2002, larvae were allowed to feed and 
completely defoliate saplings (receiving the defoliation treatment) after the feeding 
bioassays occurred.  To accomplish this, tanks were repositioned in February of 2003 
and saplings were reassigned.  A complete set of the 12 fertility-salinity-hydrology 
combinations was relocated to each half of the greenhouse.  Saplings then were 
assigned to each greenhouse half based upon their defoliation treatment, then they 
were placed in the proper water condition.  For analyzing feeding studies and N-content 
of the leaves, the variation due to conditioning (treatment) in the original tank (19 
months) was assumed to be greater than variation that may have occurred in the new 
tank (two months).   
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  Saplings receiving fertilizer had a 35 g dosage of Osmocote®18-6-12 applied to 
each pot.  In April 2003, when larvae emerged in the field, egg masses and larvae were 
placed on saplings on the defoliation side of the greenhouse.  Larvae were supplied 
periodically over a period of three weeks to ensure complete defoliation and to 
compensate for mortality, mainly due to paper wasps (Polistes sp.).  The defoliation 
treatment was completed by the first week of May when tree mortality, height, and 
diameter were again recorded.  
In May of 2003, half of the saplings were harvested at random with respect to 
treatment combination and placement to original tanks (avoiding saplings that were 
replaced the previous year, with the exception of one).  The harvested leaves from 
these saplings then were oven-dried and analyzed for N% as described in the previous 
methods section.    
3.2.6 Waldbauer Feeding Assay  
First-stage larvae of the FTC and BCLR were collected from field sites in southern 
Lake Maurepas in April of 2003.  The larvae of both species were fed in groups of 500± 
for five days and then used in feeding assays.  In April, a composite of clipped leaves 
compiled from the four saplings being defoliated (these insects were not reared on a per 
tree basis), described in the 3.2.5 Second-Year Host Tree Treatments section, were 
weighed to the nearest 1.0mg and placed into diet cups (same as described in the 3.2.2 
Pupal Weight, Growth Rate, and Development Time Feeding Assay).  Five freshly 
molted 2nd instar larvae then were weighed as a group to the nearest 0.1mg and placed 
on weighed leaf clippings of their respective host.   
 85 
Both species were allowed to feed for one week.  Weighed leaves were added to 
the FTC diet cups twice in that week. The BCLR had no new leaves added. Both 
species were reared in a Hotpack® multimode programmed incubator (Philadelphia, 
PA, USA) at 22ºC with a 12-hour light cycle using standard fluorescent bulbs.   
All leaf material not eaten plus frass was collected, dried, and weighed.  Initial dry 
weights of leaf biomass and caterpillars were estimated by using regression equations 
of wet weight against dry weight.  Initial dry weights of leaves were obtained by using a 
regression equation of water loss derived from ten sets of wet and dry leaves of similar 
weight used in the assay.  Initial dry weights of larvae were obtained by using a 
regression equation of water loss derived from five sets of five larvae of equal number 
of similar size used in the assay.  Wet weight and number of larvae were recorded at 
the end of the week and then placed in the freezer to be killed, dried and again 
weighed.  All frass and remaining leaves were dried, separated, and weighed.   
All calculations were determined on a per larvae basis (average of five).  Relative 
growth rate was calculated on a dry weight basis for both species using formulae from 
Waldbauer (1968).  Leaf consumption and frass production of the BCLR was not 
sufficient to mask the variation in water loss when the estimate of the initial dry weight 
was made on the cypress leaves.  Therefore, only the relative growth rate for the BCLR 
was calculated (of the feeding indices listed below).  All calculations were conducted for 
the FTC.   
Formulae: 
Relative Growth Rate (R.G.R.) 
R.G.R. = larval weight gain(mg) / (mean larval weight(mg) x mean feeding period(days)) 
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Relative Consumption Rate (R.C.R.) 
R.C.R. = weight of food consumed(mg) / (time x larval weight(mg)) 
Efficiency of Conversion of Ingested Food (E.C.I.) 
E.C.I.= larval weight gain(mg) / ingested food weight(mg) 
Approximate Digestibility (A.D.) 
A.D. = (ingested food weight(mg) - frass weight(mg)) / ingested food weight(mg) 
Efficiency of Conversion of Digested Food (E.C.D.) 
E.C.D. = larval weight gain(mg) / ingested food weight(mg) - frass weight(mg) 
3.3 Statistical Analyses 
The statistical procedures for the analyses of sapling growth, plant biomass, and 
leaf chemical content were discussed in Chapter 2.  ANOVAs were conducted, and 
treatment means were generated for insect performances in SAS 8.02; graphs, 
standard errors, and simple linear regressions were generated in SYSTAT 10.0.  
Degrees of freedom for all analyses were adjusted using Satterthwaite’s Method 
because of uneven sample sizes.  Outliers were appropriately removed and data met 
the criteria for parametric analysis.  Significant effects at α=0.05 are discussed and 
means were separated using Fisher’s LSD at α=0.05.  Statistical analyses of individual 
procedures are described in each of the following sections titled 3.3.1 Pupal Weight, 
Growth Rate, and Development Time Feeding Assay, 3.3.2 Foliar Nitrogen and 
Phenolic Content 2002 and 2003, and 3.3.3 Walbauer Feeding Assay. 
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3.3.1  Pupal Weight, Growth Rate, and Development Time Feeding Assay  
The dependent variables were female pupal dry weight, growth rate, and 
development time.  Initially, an ANOVA was conducted on each of these variables with 
a 2x2x3 factorial arrangement (fertilizer, salt, and hydrology) on each species with each 
tree as the nested error term (with n=4 replicates of the highest order interaction, 
totaling n=48 trees for each species and n=1-7 female pupae per tree (n=93 FTC and 
n=104 BCLR).  The nested error term [tree (salt x hydrology x fertility)] was tested 
against the overall residual error term for each dependent variable and species, and no 
significant difference was determined for tree to tree variation in insect responses so the 
nested error term was pooled into the overall model.  Therefore, the resultant data were 
analyzed as a completely randomized design with a 2x2x3 factorial arrangement.  
Degrees of freedom for both analyses were adjusted using Satterthwaite’s Method 
because of uneven sample sizes.  Outliers were appropriately removed (FTC -1 for 
development time, BCLR-3 for development time, 1 for growth rate), and data met the 
criteria for parametric analysis.  All significant effects at α=0.05 are discussed and 
treatment means were separated using Fisher’s LSD at α=0.05.  
Total foliar phenolic content of both cypress and tupelo (catechin reagent 
equivalent, CRE%) were most strongly influenced by salinity and fertility.  Therefore, 
four simple linear regressions were conducted for these four treatment combinations 
(fresh-fertilized, fresh-nonfertilized, salt-fertilized, and salt-nonfertilized) on dry female 
pupal weight and CRE% for each species.  This was done to determine if total phenolic 
content was correlated to pupal weights in different environmental settings of the host 
plant.     
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3.3.2   Foliar Nitrogen and Phenolic Content 2002 and 2003 
Statistical procedures of sapling foliar responses for N% and CRE% for 2002 are 
discussed in Chapter 2, sections - 2.3.2 Foliar N and Total Phenolics for 2002.   
Statistical procedures of sapling foliar nitrogen responses for 2003 are discussed in 
Chapter 2, sections - 2.3.4 Foliar N for 2003 (p.).  The factors found to contribute the 
most variation in foliar nitrogen% and total phenolics CRE% in 2002 were salinity, 
species and fertilizer application (Chapter 2, Table 2.4 and 2.5).  Simple linear 
regressions therefore were conducted for each species in each of the eight groupings 
(cypress-fertilized-salted, tupelo-fertilized-salted, etc…).  Pupal weight and development 
time (dependent variables) of each species were each regressed with N% and CRE% 
independently in each of the eight combinations.  Also, CRE% (dependent variable) was 
regressed with N% in the eight environmental settings as well and results are reported 
in (Figure 2.12).  Since the salinity treatments were not represented in all treatment 
combinations, insects were only fed foliage from fresh treated saplings.  Statistical 
procedures for the foliar nitrogen content for 2003 are discussed in Chapter 2, section – 
2.3.4 Foliar N for 2003.      
3.3.3   Waldbauer Feeding Assay 
Using only freshwater treatments, two independent ANOVAs were conducted for 
the baldcypress leafroller (BCLR) using Proc Mixed procedure in SAS (1995).  The two 
dependent variables for BCLR were average weight gained and average relative growth 
rate (R.G.R.) of five larvae per sample.  Due to insufficient foliage consumption and 
frass production the remaining Waldbauer equations could not be calculated for the 
BCLR.  Both variables were analyzed as a CRD with a 2x2 factorial arrangement that 
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included fertilizer application (fertilized and unfertilized) and hydrology (nonflooded and 
flooded-combination of flooded and flooded-aerated) for a total of n=65 for average 
weight gained of five lavae and n=64 for average RGR of five larvae.    
Using only fresh water treatments, six ANOVAs were conducted for the FTC 
using Mixed procedure in SAS.  The dependent variables for the FTC were average 
weight gained, average R.G.R., relative consumption rate (R.C.R.), average efficiency 
of conversion of ingested food (E.C.I.), average approximate digestibility, (A.D.), and 
average efficiency of conversion of digested food (E.C.D.).  These variables were 
analyzed as a CRD with a 2x3 factorial arrangement that included fertilizer application 
(fertilized and unfertilized) and hydrology (nonflooded, flooded-aerated, and flooded).  
Outliers were appropriately removed from each of the datasets and n for each treatment 
combination is reported in the results.     
The second ANOVA was able to include salinity as a treatment, but the model 
pooled the hydrology and herbivory treatments to obtain adequate representation to test 
the effects of species, salinity, and fertility simultaneously.  Foliar nitrogen content was 
analyzed as a double RBD (blocks hydrology and defoliation) with a 2x2x2 factorial 
arrangement.    
3.4  Results 
3.4.1  Pupal Weight, Growth Rate, and Development Time Feeding Assay  
 The FTC exhibited a significant salt x fertililty interaction for both final female 
pupal weight and growth rate (F1,81=11.74 ,p=0.0010, Figure 3.1; F1,81=14.35, p=0.0003, 
Figure 3.2, respectively).  In both instances, the fresh, fertilized tupelo saplings 
produced significantly higher female pupal weights as well as growth rates.  The fresh, 
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unfertilized treatment yielded significantly lower weights and growth rates, which were 
as “poor” as the weights and growth rates in the salt stressed treatments.  In general, 
the FTC took significantly longer to develop on the foliage of the fresh, nonfertilized 
saplings than on the fresh, fertilized and salted saplings (salt x fertility interaction, 
F1,80=10.57, p=0.0017, Figure 3.3).  However, this interaction was confounded by a 3-
way interaction with hydrology (salt x fertililty x hydrology, F2,80=4.91, p=0.0097, Figure 
3.3) in which aeration in the fresh, nonfertilized treatment significantly lowered 
development time more than expected. The FTC that were fed leaves from fresh, 
fertilized flooded trees had a significantly shorter development time (Figure 3.3a), but no 
significant effect of flooding existed in the salted treatments (Figure 3.3b). 
The BCLR female pupal weight and growth rate means were not affected by the 
nutrient, hydrological, and salinity regimes of the host saplings (Table 3.2).  Female 
development time, however, was significantly shorter in the fertilized saplings than in 
the unfertilized saplings (F1,90=4.32, p=0.0406, Figure 3.4).  Female development time 
also was significantly shorter on the salinated, flooded-aerated saplings (salinity x 
hydrology interaction, F2,90=3.76, p=0.0270, Figure 3.5),  
These data suggest that: (1) the FTC individual fecundity (as indicated by larger 
female pupal weights) may be more sensitive to environmental changes than the BCLR, 
(2) FTC insect development is limited in nutrient stressed and salt stressed systems, (3) 
increased nutrient levels in freshwater systems can be expected to increase fecundity 
levels in individual FTC females, and (4) flooding in high nutrient systems may reduce 
development time of the FTC. This may contribute to population expansion by 
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shortening the time for biological and other natural control agents to impact population 
dynamics.   
3.4.2  Sapling Foliar Nitrogen and Total Phenolic Responses 
The results for sapling foliar nitrogen and total phenolic responses for 2002 are 
located in Chapter 2, sections 2.4.3 Sapling Foliar Nitrogen and Total Phenolic in 2002 
and 2.4.4 Correlations of Sapling Foliar Nitrogen and Total Phenolics.  The results for 
sapling foliar nitrogen response for 2003 are located in Chapter 2, section 2.4.7 Foliar 
Nitrogen Content for 2003.   
 
 
Table 3.1.  ANOVA source table for fixed effects of development time and pupal weight 
of the forest tent caterpillar and the baldcypress leafroller from the 2002 feeding assays. 
                                              Development Time                          Pupal Weight 
                                            DF     F Value   Pr > F    DF   F Value    Pr > F 
Forest Tent Caterpillar    
  HYDRO                   2,80       5.36    0.0066  2,81  0.28     0.7549 
  FERT                    1,80     14.86    0.0002  1,81    24.27    <.0001 
  SALT                    1,80       0.96    0.3310  1,81    10.74    0.0015 
  HYDRO*FERT            2,80       3.26    0.0434  2,81      1.71    0.1867 
  SALT*FERT             1,80     10.57    0.0017  1,81    11.74    0.0010 
  HYDRO*SALT             2,80       2.93    0.0593  2,81      0.37    0.6919 
  HYDRO*SALT*FERT       2,80       4.91    0.0097   2,81      2.85    0.0637 
  Residual         7.5403        0.000704   
                                            
Baldcypress Leafroller    
  HYDRO                   2,90       1.41    0.2484   2.93       2.02    0.1390 
  FERT                    1,90       4.32    0.0406  1,93       0.42    0.5165 
  SALT                    1,90       3.74    0.0562  1,93       0.30    0.5882 
  HYDRO*FERT            2,90       0.14    0.8673  2,93       0.05    0.9499 
  SALT*FERT             1,90       1.22    0.2718  1,93       0.75    0.3893 
  HYDRO*SALT             2,90       3.76    0.0270  2,93       0.09    0.9112 
  HYDRO*SALT*FERT       2,90       1.64    0.1995  2,93       0.31    0.7364 
  Residual         2.7005     7.4938     
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Table 3.2.  ANOVA source table and means of main effects for the forest tent caterpillar 
responses pupal weight (mg), growth rate (mg/day), and development (time days) 
including the mean, ±1s.e., n, F-value, and p. 
Main Effects Mean (±1 s.e.) n F-value p 
Salinity 
  Pupal Weight (mg) 
    -0 ppt 
    -3 ppt 
  Growth Rate (mg/day) 
    -0 ppt 
    -3 ppt 
  Development Time (days) 
    -0 ppt 
    -3 ppt 
 
 
160.1±4.6 
139.5±5.0 
 
7.10±0.33 
5.98±0.26 
 
22.5±0.57 
23.1±0.42 
 
 
60 
33 
 
60 
33 
 
60 
32 
 
 
F1,81=10.74 
 
 
F1,80=8.46 
 
 
F1,90=0.3310 
 
 
0.0015 
 
 
0.0047 
 
 
0.3310 
Fertilizer 
  Pupal Weight (mg) 
    -Fertilized 
    -Not Fertilized 
Growth Rate (mg/day) 
    -Fertilized  
    -Not Fertilized 
Development Time (days) 
    -Fertilized  
    -Not Fertilized 
 
 
165.2±4.4 
134.3±4.9 
 
7.58±0.29 
5.50±0.30 
 
21.5±0.73 
24.0±0.35 
 
 
56 
37 
 
56 
37 
 
55 
37 
 
 
F1,81=24.27 
 
 
F1,80=29.28 
 
 
F1,90=14.86 
 
 
<0.0001 
 
 
<0.0001 
 
 
0.0002 
Hydrology 
  Pupal Weight (mg) 
    -Not Flooded 
    -Flood-Aerated 
    -Flooded 
Growth Rate (mg/day) 
   -Not Flooded 
   -Flood-Aerated 
   -Flooded 
 Development Time (days) 
   -Not Flooded 
   -Flood-Aerated 
   -Flooded 
 
 
148.8±6.0 
147.3±5.7 
153.2±7.6 
 
6.07±0.34 
6.71±0.40 
6.84±0.52 
 
24.0±0.49   a 
24.5±0.58   b 
22.9±0.60 ab 
 
 
34 
30 
29 
 
34 
30 
29 
 
33 
30 
29 
 
 
 
 
F2,81=0.28 
 
 
 
F2,80=1.71 
 
 
 
F2,90=5.36 
 
 
 
0.7549 
 
 
 
0.1872 
 
 
 
0.0066 
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Table 3.3.  ANOVA source table and means of main effects for the baldcypress 
leafroller responses pupal weight (mg), growth rate (mg/day), and development (time 
days) including the mean, ±1s.e., n, F-value, and p. 
Main Effects Mean (±1 s.e.) n F-value p 
Salinity 
  Pupal Weight (mg) 
    -0 ppt 
    -3 ppt 
  Growth Rate (mg/day) 
    -0 ppt 
    -3 ppt 
  Development Time (days) 
    -0 ppt 
    -3 ppt 
 
 
20.60±0.38 
20.27±0.37 
 
1.37±0.04 
1.40±0.03 
 
14.91±0.25 
14.19±0.24 
 
 
55 
50 
 
54 
50 
 
53 
49 
 
 
F1,93=0.30 
 
 
F1,92=0.41 
 
 
F1,90=3.74 
 
 
0.5582 
 
 
0.5213 
 
 
0.0562 
Fertilizer 
  Pupal Weight (mg) 
    -Fertilized 
    -Not Fertilized 
Growth Rate (mg/day) 
    -Fertilized  
    -Not Fertilized 
Development Time (days) 
    -Fertilized  
    -Not Fertilized 
 
 
20.64±0.38 
20.23±0.36 
 
1.44±0.03 
1.34±0.03 
 
14.16±0.21 
14.93±0.27 
 
 
53 
52 
 
52 
52 
 
51 
51 
 
 
F1,93=0.42 
 
 
F1,92=3.49 
 
 
F1,90=4.32 
 
 
0.5165 
 
 
0.0648 
 
 
0.0406 
Hydrology 
  Pupal Weight (mg) 
    -Not Flooded 
    -Flood-Aerated 
    -Flooded 
Growth Rate (mg/day) 
   -Not Flooded 
   -Flood-Aerated 
   -Flooded 
 Development Time (days) 
   -Not Flooded 
   -Flood-Aerated 
   -Flooded 
 
 
21.21±0.36 
19.74±0.57 
20.35±0.47 
 
1.43±0.04 
1.38±0.05 
1.35±0.04 
 
14.52±0.24 
14.17±0.37 
14.95±0.32 
 
 
45 
24 
36 
 
44 
24 
36 
 
42 
24 
36 
 
 
 
F2,93=2.02 
 
 
 
F2,92=1.09 
 
 
 
F2,90=1.14 
 
 
 
0.1390 
 
 
 
0.3395 
 
 
 
0.2484 
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Figure 3.1.  Forest tent caterpillar dry female pupal weight (mg) after being reared on 
clipped leaves of greenhouse tupelo saplings that were subjected to variable nutrient 
and salinity regimes from the 2002 feeding assays (n within each bar, ±1 s.e., bars 
followed by different letters are significantly different at P=0.05). 
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Figure 3.2.  Forest tent caterpillar dry female growth rate (mg/day) after being reared on 
clipped leaves of greenhouse tupelo saplings that were subjected to variable nutrient 
and salinity regimes from the 2002 feeding assays (n within each bar, ±1 s.e., bars 
followed by different letters are significantly different at P=0.05). 
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Figure 3.3.  Forest tent caterpillar days to pupation after being reared on clipped leaves 
of greenhouse tupelo saplings that were subjected to variable nutrient, hydrology, and 
salinity regimes from the 2002 feeding assays (n is located in the legend in order from 
left to right for each treatment, ±1 s.e., asterisk denotes statistical contribution to 3-way 
interaction). 
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Figure 3.4.  Baldcypress leafroller female days to pupation after being reared on clipped 
leaves of greenhouse tupelo saplings that were subjected to fertilized and not fertilized 
treatments from the 2002 feeding assays (n=51 for each bar, ±1 s.e.). 
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Figure 3.5.  Baldcypress leafroller female days to pupation after being reared on clipped 
leaves of greenhouse tupelo saplings that were subjected to variable nutrient, 
hydrology, and salinity regimes from the 2002 feeding assays (n is located in the legend 
in order from left to right for each treatment, ±1 s.e., asterisk denotes statistical 
contribution to 2-way interaction). 
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3.4.3  Development Time and Pupal Weight Correlations to Foliar Chemistry 
 Thirty-two regressions were conducted to determine if foliar nitrogen and 
phenolics were correlated to development time and pupal weight in different 
environmental settings.  To avoid excessive regressions, growth rate was not included 
because development time and pupal weight captured most of the variation in insect 
response.  Because larvae were fed only from saplings receiving the defoliation 
treatment, the effects of defoliation treatment are not included in the foliar chemistry 
correlations.  Based upon largest F-values of both insect performances (Table 3.1) and 
foliar chemistry (Tables 2.4 and 2.5), the most influential effects were determined to be 
salinity and fertility.  Therefore, correlations for each insect species were conducted with 
development time and pupal weight with N% and CRE% in each of the four 
environmental categories.  Since N% and CRE% were so strongly correlated with one 
another (Figures 2.11 and 2.12), especially for cypress, causal relationships with insect 
performance cannot be determined, only correlations.   
1. One hypothesis for both insect species might be that pupal weight should be 
positively correlated to nitrogen for both species, and this slope should be 
stronger in the fresh, nonfertilized treatment due to overabundance of N in the 
fertilized treatments.  In addition, a weak slope between pupal weights and N is 
expected in the salinity treatments because of potentially proper N form being 
unavailable to the insect.  Plant stress avoidance mechanisms (using N for ionic 
balance) were likely to be affected by high salinity levels based upon increased 
foliar N levels in salt treated saplings.      
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2. A second hypothesis for both insect species is that development time might be 
negatively correlated to nitrogen for both species, and this trend might be 
stronger in the fresh, nonfertilized treatment due to satiation of N in the fertilized 
treatments.  In addition, a weaker trend between development time and N might 
be expected in the salinity treatments because potentially the proper N form is 
unavailable to the insect.  Plant stress avoidance mechanisms (using N for ionic 
balance) were to be affected by high salinity levels based upon increased foliar N 
levels in salt treated saplings. 
3. The third hypothesis for both insect species is that total phenolic content (CRE%) 
could be negatively correlated to pupal weight in all environmental treatments. 
4. The fourth hypothesis is that CRE% could be positively correlated with 
development time in all environmental treatments.   
5. The last hypothesis is that CRE% should generate stronger insect performance 
correlations for the baldcypress leafroller (a species-specific herbivore) than for 
the forest tent caterpillar (a more generalist herbivore).    
 
For the forest tent caterpillar, the strongest and only correlation of foliar nitrogen 
to pupal weight was in the fresh, nonfertilized condition (F1,21=4.828, p=0.039, Figure 
3.6a).  This fresh, nonfertilized slope was more positively correlated than the fresh, 
fertilized slope.  For the baldcypress leafroller, foliar nitrogen was positively correlated 
to pupal weight in the fresh, fertilized condition (F1,22=5.191, p=0.033, Figure 3.6e), but 
not in the fresh, unfertilized condition (Figure 3.6f).  However, even though the fresh, 
unfertilized slope was not significantly different from 0, it was 2.13 times greater than 
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the fresh, fertilized slope.  For both insect species, no significant correlation was found 
between nitrogen and pupal weights in any salinated environment.   For both species, 
all pupal weight regressions to CRE% were not significant (Figure 3.7).    
Development time was significantly negatively correlated to foliar nitrogen only in 
the fresh, unfertilized environment for both the FTC (F1,21=11.74, p=0.003, Figure 3.8b) 
and the BCLR (F1,19=4.513, p= 0.047, Figure 3.8f).  The slopes for the salted and the 
fresh, fertilized treatments were not significantly different. 
FTC development time was not significantly correlated to CRE% in any of the 
environmental treatments.   BCLR development time was positively correlated to CRE% 
only in the fresh, fertilized treatment combination (F1,21=6.182, p=0.047, Figure 3.9e).   
3.4.4  BCLR Growth Rate and Weight Gain 
 The baldcypress leafroller did not differ significantly in average weight gained 
based on hydrology, fertility, or their interaction (Table 3.4).  BCLR average relative 
growth rate was significantly higher in the fertilized saplings than the unfertilized 
saplings (F1,60=9.86, p=0.0026, Table 3.5).   
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Figure 3.6.  Regressions of dry female pupal weights (mg) and total foliar phenolics in 
catechin reagent equivalent (%) of the forest tent caterpillar and tupelo saplings (a-d) 
and the baldcypress leafroller and cypress saplings (e-h) in response to the salinity and 
nutrient regimes (leaves harvested one week after the 2002 feeding assays; SLR 
equations with 95% confidence interval, n, and F and p-values are given). 
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Figure 3.7.  Regressions of dry female pupal weights (mg) and total foliar phenolics in 
catechin reagent equivalent (%) of the forest tent caterpillar and tupelo saplings (a-d) 
and the baldcypress leafroller and cypress saplings (e-h) in response to the salinity and 
nutrient regimes (leaves harvested one week after the 2002 feeding assays; SLR 
equations with 95% confidence interval, n, and F and p-values are given). 
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Figure 3.8.  Regressions of development time and foliar nitrogen (%) of the forest tent 
caterpillar and tupelo saplings (a-d) and the baldcypress leafroller and cypress saplings 
(e-h) in response to the salinity and nutrient regimes (leaves harvested one week after 
the 2002 feeding assays; SLR equations with 95% confidence interval, n, and F and p-
values are given). 
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Figure 3.9.  Regressions of development time and catechin reagent equivalent (%) of 
the forest tent caterpillar and tupelo saplings (a-d) and the baldcypress leafroller and 
cypress sapling foliage (e-h) in response to the salinity and nutrient regimes (leaves 
harvested one week after the 2002 feeding assays; SLR equations with 95% confidence 
interval, n, and F and p-values are given). 
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 Table 3.4.  ANOVA source table and means for the baldcypress leafroller average 
weight gained (mg) after feeding five 2nd instar larvae for 6 days on clipped leaves of 
baldcypress saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) n F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
1.72±0.05  
1.54±0.13  
 
42 
23 
 
F1,61=2.29 
 
0.1352 
Hydrology 
  Not Flooded 
   Flooded 
 
1.62±0.07  
1.64±0.10  
 
23 
42 
 
F1,61=0.01 
 
0.9038 
Fert x Hydro 
  Fertilized 
    - Not Flooded 
    - Flooded 
  Not Fertilized 
    - Not Flooded 
    - Flooded 
 
 
1.82±0.10  
1.42±0.06 
 
1.62±0.18  
1.65±0.17 
 
 
15 
27 
 
8 
15 
 
 
 
 
F1,61=3.11 
 
 
 
 
0.0828 
 
 
 
 
 
 
 
 
Table 3.5.  ANOVA source table and means for the baldcypress leafroller average 
relative growth rate after feeding five 2nd instar larvae for 6 days on clipped leaves of 
baldcypress saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) n F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
0.243±0.002  
0.228±0.006  
 
40 
24 
 
F1,60=9.86 
 
0.0026 
Hydrology 
  Not Flooded 
   Flooded 
 
0.237±0.005  
0.234±0.003  
 
23 
41 
 
F1,60=0.34 
 
0.5592 
Fert x Hydro 
  Fertilized 
    - Not Flooded 
    - Flooded 
  Not Fertilized 
    - Not Flooded 
    - Flooded 
 
 
0.246±0.004  
0.241±0.002 
 
0.222±0.011 
0.233±0.005 
 
 
15 
25 
 
8 
16 
 
 
 
 
F1,60=2.98 
 
 
 
 
0.0894 
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3.4.5 FTC Waldbauer Feeding Assay 
The forest tent caterpillar (FTC) had a higher average weight gained when fed 
leaves from fertilized saplings than when fed those from unfertilized saplings 
(F1,61=36.73, p<0.0001, Table 3.6, Figure 3.10).  The FTC did not differ in average 
weight gained on leaves from the various hydrology types or the hydrology x fertility 
interaction (Table 3.6).  The FTC had a higher average relative growth rate (RGR) on 
fertilized saplings than unfertilized saplings (F1,60=57.92, p<0.0001, Table 3.7, Figure 
3.11).  The FTC did not differ in average RGR for hydrology or the hydrology x fertility 
interaction (Table 3.7). 
The FTC had a higher average relative consumption rate (RCR) on unfertilized 
saplings than on fertilized saplings (F1,61=177.52, p<0.0001, Table 3.8, Figure 3.12).  
The FTC had a higher average RCR on unflooded saplings than flooded and flooded-
aerated saplings (F2,61=50.98, p<0.0001, Table 3.8, Figure 3.12).  However, the 
hydrology x fertility interaction (F2,61=12.39, p<0.0001, Table 3.8, Figure 3.12) showed 
that the average RCR was higher than expected with the flooded, nonfertilized saplings. 
The FTC had a higher efficiency of converting ingested (ECI) material on 
fertilized saplings than on unfertilized saplings (F1,59=116.50, p<0.0001, Table 3.9, 
Figure 3.13).  The FTC had a higher average ECI with flooded and flooded-aerated 
saplings than unflooded saplings (F2,59=16.42, p<0.0001, Table 3.9, Figure 3.13).  
However, the hydrology x fertility interaction (F2,59=12.39, p=0.0032, Table 3.9, Figure 
3.13) showed that the average ECI was lower than expected with the flooded, 
nonfertilized saplings. 
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The FTC had a higher average approximate digestibility (AD) on unfertilized 
saplings than on fertilized saplings (F1,56=35.72, p<0.0001, Table 3.10, Figure 3.14).  
The FTC had the highest average AD with the unflooded saplings, then the flooded 
saplings, and the lowest average AD was with the flooded-aerated saplings 
(F2,56=32.24, p<0.0001, Table 3.10, Figure 3.14).  No significant interaction existed 
between hydrology and fertility for average AD. 
  The FTC had a higher efficiency of converting digested material (ECD) on 
fertilized saplings than on unfertilized saplings (F1,35=113.63, p<0.0001, Table 3.11, 
Figure 3.15).  The FTC had a higher average ECD with flooded and flooded-aerated 
saplings than unflooded saplings (F2,35=39.38, p<0.0001, Table 3.11, Figure 3.15).  
However, the hydrology x fertility interaction (F2,35=12.39, p=0.0032, Table 3.11, Figure 
3.15) showed the average ECD to be lower than expected with the flooded, nonfertilized 
saplings.   
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Table 3.6.  ANOVA source table and means for the forest tent caterpillar average weight 
gained (mg) after feeding five 2nd instar larvae for 6 days on clipped leaves of tupelo 
saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
 15.83±0.69  
   7.50±1.19  
 
F1,61=36.73 
 
<0.0001 
Hydrology 
  Not Flooded 
  Aerated 
  Flooded 
 
10.82±1.34  
12.31±1.23 
11.86±0.97  
 
F2,61=0.35 
 
0.7064 
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Figure 3.10.  Forest tent caterpillar average weight gained (mg) of five third instar larvae 
after 6 days of feeding on clipped leaves of fertilized and unfertilized greenhouse tupelo 
saplings from the 2003 feeding assays (n within each bar, ±1 s.e.).
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Table 3.7.  ANOVA source table and means for the forest tent caterpillar average 
relative growth rate after feeding five 2nd instar larvae for 6 days on clipped leaves of 
tupelo saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
0.2402±0.0043  
0.1755±0.0073 
 
F1,60=57.92 
 
<0.001 
Hydrology 
  Not Flooded 
  Aerated 
  Flooded 
 
0.2054±0.0083 
0.2094±0.0060 
0.2089±0.0076  
 
F2,60=0.08 
 
0.9216 
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Figure 3.11.  Forest tent caterpillar average relative growth rate (per day) of five third 
instar larvae after 6 days of feeding on clipped leaves of fertilized and unfertilized 
greenhouse tupelo saplings from the 2003 feeding assays (n within each bar, ±1 s.e.). 
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Table 3.8.  ANOVA source table and means for the forest tent caterpillar average 
consumptive index after feeding five 2nd instar larvae for 6 days on clipped leaves of 
tupelo saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
1.2497±0.0445 
2.4260±0.0762 
 
F1,61=50.98 
 
<0.0001 
Hydrology 
  Not Flooded 
  Aerated 
  Flooded 
 
2.3780±0.0862 
1.3166±0.0622 
1.8191±0.0790 
 
F2,61=177.52 
 
<0.0001 
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Figure 3.12.  Forest tent caterpillar average relative consumption rate (per day) of five 
third instar larvae after 6 days of feeding on clipped leaves tupelo saplings subjected to 
fertilized and unfertilized under three hydrology types in the greenhouse from the 2003 
feeding assays (n is located in legend in order from left to right for each treatment, 
Fisher’s LSD (0.05), ±1 s.e.). 
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Table 3.9.  ANOVA source table and means for the forest tent caterpillar average 
Efficiency of Conversion of Ingested after feeding five 2nd instar larvae for 6 days on 
clipped leaves of tupelo saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
0.2044±0.0058 
0.0814±0.0097  
 
F1,59=116.50 
 
<0.0001 
Hydrology 
  Not Flooded 
  Aerated 
  Flooded 
 
0.0975±0.0110  
0.1757±0.0081 
0.1555±0.0102  
 
F2,59=16.42 
 
<0.0001 
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Figure 3.13.  Forest tent caterpillar average efficiency of conversion of consumed 
materials (per day) of five third instar larvae after 6 days of feeding on clipped leaves 
tupelo saplings that were subjected to variable nutrient and hydrology regimes in the 
greenhouse from the 2003 feeding assays (n is located in legend in order from left to 
right for each treatment, Fisher’s LSD (0.05), ±1 s.e.). 
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Table 3.10.  ANOVA source table and means for the forest tent caterpillar average 
approximate digestibility after feeding five 2nd instar larvae for 6 days on clipped leaves 
of tupelo saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
0.2988±0.0174  
0.4965±0.0281  
 
F2,56=35.72 
 
<0.0001 
Hydrology 
  Not Flooded 
  Aerated 
  Flooded 
 
0.5262±0.0318 
0.2283±0.2392 
0.4384±0.0296 
 
F1,56=32.24 
 
<0.0001 
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Figure 3.14.  Forest tent caterpillar average approximate digestibility of consumed 
materials (per day) of five third instar larvae after 6 days of feeding on clipped leaves 
tupelo saplings that were subjected to variable nutrient and hydrology regimes in the 
greenhouse from the 2003 feeding assays (n is located in legend in order from left to 
right for each treatment, Fisher’s LSD (0.05), ±1 s.e.). 
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Table 3.11.  ANOVA source table and means for the forest tent caterpillar average 
efficiency of converting digested after feeding five 2nd instar larvae for 6 days on clipped 
leaves of tupelo saplings from the 2003 assays.  
Main Effects Mean (±1 s.e.) F-value p 
Fertilizer 
  Fertilized 
  Not Fertilized 
 
0.5983±0.0288  
0.1859±0.0259  
 
F1,35=113.63 
 
<0.0001 
Hydrology 
  Not Flooded 
  Aerated 
  Flooded 
 
0.1686±0.0299 
0.5997±0.0405 
0.4080±0.0289  
 
F2,35=39.38 
 
<0.0001 
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Figure 3.15.  Forest tent caterpillar average efficiency of conversion of digested 
materials (per day) of five third instar larvae after 6 days of feeding on clipped leaves 
tupelo saplings that were subjected to variable nutrient and hydrology regimes in the 
greenhouse from the 2003 feeding assays (n=4-16 for each bar, Fisher’s LSD (0.05), ±1 
s.e.). 
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 3.5 Discussion 
The success of forest tent caterpillar (FTC) populations in forests with large 
amounts of edge has been associated with a decrease in the pressure exerted by 
natural enemies (Roland and Kaupp 1995, Roland and Taylor 1995 and 1997, as 
summarized by Fortin and Mauffette 2001).   In Louisiana swamps (which are highly 
fragmented), the largest regulator of the FTC populations was found to be pupal 
parasitism of a sarcophagid fly (Sarcophagid houghi Aldrich) and other density-
dependent pupal mortality agents (Smith and Goyer 1986, Rejmanek et al. 1987).  In 
permanently flooded environments, the rates of parasitism were found to be lower than 
in swamps that were only seasonally flooded, presumably due to unavailable 
overwintering sites and host availability for the parasitoid.  Also, a longer development 
time has been shown to increase larval susceptibility to predation or other natural 
mortality factors (Parry et al. 1998).  Female pupal weights are often positively 
correlated to fecundity (Hennebary and Kishaba 1966, Mattson 1976, Redak and Cates 
1984, Hunter et al. 1991, Clancy 1992, Haukiooja and Neuvonen 1985, Brewer et al. 
1985, Awmack and Leather 2002).   
Based upon the feeding assays conducted in this study, salt-stressed 
environments resulted in shorter FTC development times when compared to fresh, 
nutrient-limited environments.  However, no difference in pupal weights was 
demonstrated between the salt-stressed and fresh, nutrient-limited environments.  This 
may imply that larvae may be slightly more successful in salinated environments than 
fresh, nutrient-limited environments due to having similar pupal weights and a shorter 
development time in the salinated environment.  Diversions (fresh, nutrient-rich flooded 
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environment) into nutrient deprived and permanently flooded swamps are likely to 
increase FTC populations (as suggested by a significantly shorter development times 
and a significantly higher female pupal weights in the nutrient-rich environment 
compared to the nutrient-deprived environment).  In this instance, insect responses 
coupled with reduced parasitism pressure due to flooding could lead to increases in 
populations of the FTC with diversions.   
In a fresh, flooded, nutrient-deprived environment, the FTC had a longer 
development time than in all other environmental scenarios.  Because parasitism is 
reduced in permanently flooded swamps, the potential to study the effects of other 
natural mortality agents on population dynamics might be further exploited, such as 
avian, and tree-frog (Hyla spp.) predation, and insect disease.  Resource managers and 
ecologists that study the impacts of these natural control agents on insect population 
dynamics in swamps should focus in areas that are flooded and nutrient stressed. 
These conditions are common in coastal Louisiana.   Furthermore, the short-term 
feeding assays demonstrated that less food was needed in nutrient-rich environments.  
Even though flooding did not affect weight gained and growth of the FTC, a higher 
relative consumption rate was noted for the same body weight when tupelo saplings 
were flooded, even more so when fertilized.  If a swamp were to receive a diversion and 
be converted to a higher nutrient system, a larger FTC population size could potentially 
be maintained on the same amount of foliage.  This is further supported by the fact that 
the FTC digested more of the nonfertilized leaf material than the fertilized leaf material, 
and nutrient enhancement made the FTC more efficient at converting consumed and 
digested materials to body weight.   
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For the baldcypress leafroller (BCLR), no differences in female pupal weights 
and development time existed with respect to environmental treatments.  This suggests 
that any changes in foliage as a result of diversion conditions or flooding, nutrient, and 
salinity stress should not alter BCLR population dynamics.   Further, in the short-term 
feeding study (2003), the increase in BCLR weights did not differ across nutrient or 
hydrology regimes, but the rate of growth was significantly faster in nutrient poor 
environments when compared to the nutrient poor environments, regardless of the 
hydrology type.  This means that the BCLR may be more sensitive to changes in 
fertilizer than in hydrology.  As a result, increased nutrients associated with a diversion 
could lead to a shorter exposure to natural population control agents.   
To discuss the correlation of insect performance to leaf chemistry, a brief 
summary of foliar responses of nitrogen and total phenolics are summarized.  Plant 
responses in this study (Chapter 2) demonstrated that resources are being prioritized 
under the various stress situations.  Under fresh, nutrient enhanced and unflooded 
environments resources were allocated to plant growth and biomass.  Under fresh, 
nutrient-depleted, flooded environments, more resources were being allocated to foliar 
phenolics than in the optimal environment.  Salt stress was apparently severe enough to 
not allocate resources to production of defensive compounds.  Leaf nitrogen content 
increased with fertilizer application and salinity.  In cypress, foliar nitrogen and total 
phenolics were correlated under all stress types discussed (defoliation, salinity, and 
nutrient stress).  However, tupelo leaf nitrogen content was not correlated to total 
phenolics under the salt and defoliation stress.  Phenolic compounds, such as catechin, 
are known to precipitate proteins, and it has been suggested that they might reduce 
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plant digestibility by binding to digestive enzymes or plant proteins in the gut (Feeny 
1976, Rhoades and Cates 1976) and are also known to be feeding deterrents 
(Dussourd 1995).  Previous studies have shown plant fertilization, or nutrient 
enhancement of nitrogen and total nutrients to have strong, positive effects on insect 
herbivore population dynamics (Waring and Cobb 1992).  Furthermore, foliar nitrogen 
and total phenolics are negatively correlated (Clancy 1992) making it difficult to 
demonstrate cause and effect relationships on insect performance.   
In theory, general secondary plant defensive compounds found in a large number 
of plants, such as phenolics, have been suggested to have a smaller influence on the 
performances of generalist herbivores than species-specific herbivores.  As a generalist 
herbivore, an insect is likely to be exposed to a multitude of plant defensive compounds 
due to the diversity of its feeding behavior.  Species-specific herbivores usually have 
adapted mechanisms to deal with more toxic compounds that are associated with their 
hosts.  These prevent generalist herbivores from competing for the same food resource 
(and not likely to a host of general plant defensive compounds).  In this study, stronger 
insect performance correlations for the baldcypress leafroller (a species-specific 
herbivore) were expected to occur with changes in total foliar phenolics than for the 
forest tent caterpillar (a more generalist herbivore).   However, the correlations of insect 
performance of both species to total phenolics were generally inconclusive for both 
species across all the environmental settings.   
In fresh water environments, foliar nitrogen was compared to insect 
performances of the FTC (tupelo herbivore).  For the FTC, pupal weight was positively 
correlated to foliar nitrogen and negatively to development time, but only in the fresh, 
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nutrient-limited environment.  This indicates that foliar nitrogen may be an important 
factor for determining fecundity for the FTC in nutrient-limited environments, a common 
occurrence in many declining swamps in Louisiana.  The FTC pupal weights and 
development time were not correlated to foliar nitrogen in the fresh, nutrient-rich 
environment perhaps due to unlimited nitrogen source in the leaves, as significantly 
higher levels of foliar nitrogen were detected in fertilized treatments.  In a nutrient-rich 
environment as opposed to a nutrient-limited environment, factors other than foliar 
nitrogen may have to come into effect for controlling population dynamics.   
In freshwater environments for the BCLR (cypress herbivore), foliar nitrogen was 
positively correlated to pupal weight in the fresh, fertilized condition and nearly so 
(p=0.058) in the fresh, unfertilized condition (the slope was 2.13 times greater than the 
fresh, fertilized slope).  This is surprising because nitrogen levels in cypress foliage 
increased as a result of nutrient enhancement of the environment, but did not elicit a 
strong, positive pupal weight response in the lab feeding assays.  Development time of 
the BCLR was negatively correlated to nitrogen, but only in the fresh nutrient-limited 
environment, as seen in the FTC.   
In the salinated environments, the pupal weight and development time of both 
insect species was not correlated to nitrogen or total phenolics.  These findings may be 
a result of the proper nitrogen being unavailable to the insect, or being present in a  
“harmful” form.  Plant stress avoidance mechanisms (using N-based solutes for ionic 
balance) were likely in progress for allowing the plants to cope with high salinity levels, 
as suggested by higher foliar nitrogen levels in salt-treated saplings.  
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Overall, this research has defined influential parameters that could be incorporated 
in models for population dynamics and for defoliation events in Louisiana forested 
wetlands.  Response differences and similarities between these two insect herbivores 
were ascertained among multiple abiotic stressors affecting swamp ecosystem health.  
Also, with this information, relative projections of the effects of a nutrient influx into a 
forested wetland system can be made for future defoliator population levels of both 
insect species.  Furthermore, scientists studying wetland restoration, water quality, 
fisheries, migratory birds, and other wildlife in coastal Louisiana and in many other 
wetland ecosystems may be able to more accurately predict and assess specific 
processes affected by variation in nutrients at the levels studied here.    
 
CHAPTER 4 
 
BALDCYPRESS AND TUPELO PRODUCTIVITY RESPONSES TO INSECT 
HERBIVORY AND NUTRIENT AUGMENTATION IN LAKE MAUREPAS SWAMPS 
 
 
4.1   Introduction 
4.1.1  Restoration Issues in Louisiana Swamps 
Management practices for the restoration of wetlands in coastal Louisiana include 
the re-establishment of Mississippi River inputs (diversions) in declining systems.  
Wetlands that were historically influenced, but now isolated from these riverine inputs, 
are currently subsiding (sinking approximately 1m/century (Salinas et al. 1986)), and 
decreasing in productivity and biodiversity (Conner and Day 1988, Conner and Buford 
1998).  Most of the swamps in coastal Louisiana, including the Maurepas Basin, are 
hydrologically isolated from the Mississippi River (Mossa 1996), highly impounded by 
man-made structures (Turner 1997), decimated by saltwater intrusion (Conner and 
Brody 1989, Conner and Toliver 1990), and have experienced more frequent flooding, 
for longer periods (Conner and Day 1984).  To sustain current canopy trees and 
promote natural regeneration, there is a need for re-establishment of nutrients and other 
riverine inputs into swamps (Baumann et al. 1984, Templet and Myer-Arendt 1988, 
Boesch et al. 1994, Day et al. 2000).   
Active and approved diversions are aimed to flush out soil phytotoxins and 
interstitial salt accumulation from salt water events, and increase elevation and 
production as natural hydrological conditions accomplished historically (LACWPPRA 
1993, LACOAST 2050 1998).  Two diversions in operation (the Atchafalaya Spillway 
and Caernarvon) have demonstrated that riverine inputs into marshes result in 
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increased primary and secondary production (Visser 1989, LACOAST 2050 1998, Lane 
et al. 1999).  The approved diversion planned for baldcypress tupelo swamps in 
southern Lake Maurepas was voted to Phase II of funding.  However, research into 
nutrient/biological interactions of the trees in these swamps have either not been 
conducted or are in the initial stages of investigation.  
4.1.2  Defoliation of Baldcypress and Tupelo   
In addition to abiotic stressors present (impoundment, subsidence, increased 
salinity, nutrient deprivation) in southeast Louisiana swamps, the two dominant tree 
species, water tupelo (Nyssa aquatica L.) and baldcypress (Taxodium distichum L. 
Richard), are subject to frequent springtime defoliation.  This defoliation event occurs 
simultaneously for the two species and starts in March and continues through mid May.  
Tupelo is defoliated by the FTC (forest tent caterpillar, Malacosoma disstria Hubner).  
Defoliation levels in south Louisiana alone have exceeded 250,000 ha during a single 
season (Nachod and Kucera 1971, Nachod 1977) and average 120,000 ha each year 
with much occurring in the Maurepas Basin (Goyer and Chambers 1996).  Abrahamson 
and Harper (1973) found that up to 45% of the annual incremental growth of tupelo was 
lost due to severe FTC defoliation during a 5-year impact study in Alabama.  
In 1983, an epidemic of BCLR (the baldcypress leafroller, Archips goyerana 
Kruse) occurred on baldcypress in and around the Atchafalaya Basin (Goyer and 
Lenhard 1988).  This outbreak has since spread to southern Lake Maurepas and Lake 
Verret, (Goyer and Chambers 1996) defoliating as much as 200,000 ha in a single 
season and averaging 72,000 ha each year.  Baldcypress, renowned for its lack of 
serious insect and disease problems (Brown and Montz 1986), presently experiences 
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defoliation damage resulting in significant reduction in radial growth and dieback (Braun 
et al. 1989, Allen et al.1994, Goyer and Chambers 1996).  
Baldcypress health generates concern among biologists because it is one of the 
most ecologically valuable tree species in the southeastern floodplain forests (Brown 
and Montz 1986).  Baldcypress maintains system integrity through its extensive root 
system and canopy.   It is the keystone habitat species for many game animals, sport 
fish, and formerly or presently threatened and endangered species such as the bald 
eagle (Haliaeetus leucophalus (L.)), Louisiana black bear (Ursus americanus luteolus 
Griffith), American alligator Alligator mississippiensis (Daudin)), and Florida cougar 
(Felis concolor coryi (Bangs)) (Dennis 1988).   
4.1.3  Lake Maurepas Swamp 
 Lake Maurepas is a large lake (roughly 21 km in diameter) in the Lake 
Pontchartrain Basin in southeast Louisiana.  At the turn of the 20th century, baldcypress  
in southern Lake Maurepas, as well as most of coastal Louisiana, was harvested en 
masse (Mancil 1980).  Baldcypress and tupelo forests in this area have since 
regenerated, but many areas are currently in decline.  Just south of Lake Maurepas, the 
Mississippi River curves and has an easterly flow.  It is here where the proposed river 
diversion is expected to be constructed.  This part of the swamp is a candidate 
hydrological restoration area, and it has recently been proposed to receive a river 
diversion because of its declining tree health and its previous history of receiving inputs 
from the Mississippi River.   
Sites for this study were selected based on three habitat types:  densely forested, 
basal area (BA)=5.380±0.187 m²/ha (143.049 ft²/acre), intermediately forested, 
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BA=2.579 m²/ha (68.5±4.1 ft²/acre), sparsely forested, BA=2.740±0.148 m²/ha 
(72.875±3.9 ft²/acre).  These habitats types represent three distinct degrees of swamp 
productivity based upon survey data from 2000 by Southeastern Louisiana University 
Wetland Lab (Wilson et al. 2001), plus these areas receive frequent defoliation events.  
In this case, tree density is reflective of forest degradation.  Although the basal area 
density of the sparsely forested site was similar to that of the intermediate density, the 
sparsely forested site had less canopy closure due to the highly degraded canopy 
structure of the tupelo trees at the sparsely forested site.  The tupelo trees at this site 
were missing the apical portion of the main stem resulting in mostly coppiced growth, 
indicative of the most degraded sites in the basin where trees still exist. 
The stations for the densely forested site were located on Hope Canal 
approximately 1.5 km north of Highway 61 in Garyville, LA.   The stations for the 
medium forest density site were located at the end of the eastern branch canal of 
Reserve Relief Canal 1.5 km north of I-10 in Reserve, LA.  The stations for the sparsely 
forested or the most degraded site were on Bayou Lil’ Chene Blanc near the end of the 
Amite River Diversion Canal, 2 km south of Hwy 22 in Manchac, LA.  All sites were 
accessible by boat, and study trees were located at least 50 m away from the main 
channel.   
4.1.4  Study Objectives 
1. To determine if nutrient enhancement resulting from a diversion will increase 
productivity in both woody and litter biomass of currently existing, mature cypress 
and tupelo trees in a range of habitat types varying in health. 
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2. To determine if different nutrient loading rates affect the growth rate of these two 
species differently, and if these patterns change with respect to the different 
habitat types varying in health.    
3. To determine if nutrient enhancement will compensate for basal area growth loss 
as a result of defoliation by insects in currently existing, mature cypress and 
tupelo trees in a range of habitat types varying in health. 
4. To determine the influence of defoliation on annual biomass of litterfall in 
currently existing, mature cypress and tupelo trees in a range of habitat types 
varying in health. 
4.2  Methods  
The Lake Maurepas field study to evaluate the effect of nutrient augmentation on 
tree above-ground productivity to was conducted from December 2000 to December 
2003.  The experiment consisted of a split-plot design.  The main plot included three 
sites that were selected based on stand health after surveying the basin.  Selection was 
based on tree density and presence of insects of both species (two stations per site).  
The subplot, which is synonymous with site, consisted of a 2x3 factorial design.  Within 
each site, two tree species (baldcypress and water tupelo) were assessed and each 
species randomly received three nutrient regimes (no nutrients, N and P loading rates of 
a 8000 cfs Mississippi River diversion, and 16000 cfs- a 2x loading rate).  All fertilizer 
species combinations were included with seven replicates (trees) at each site, totaling 
126 trees varying in age from 40 to 80 years old.  Trees were selected based upon 
minimum overlapping canopies to allow for litterfall collection.  
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Fertilized trees received slow-released Osmocote® 18-6-12 (B.W.I. Jackson, 
MS.) each spring for three years prior to bud break.  A dosage of 236 g/m2 of 
Osmocote® 18-6-12 was calculated based from the nitrogen loading rates of the 
Mississippi River at Caernarvon 8000 cfs from Lane et al. (1999).  The area of 
fertilization around the base of the nutrient-augmented trees was determined by the 
average canopy diameter to the nearest 0.5 m.  
Aluminum growth bands (1.5 cm X 0.1 cm) were placed on all trees at breast 
height or at 0.5 m above butt swell on larger trees.  Stem growth was recorded each 
year during dormancy (January), after defoliation (May), and late-summer (September) 
to the nearest 0.025 cm.    
A single litterfall/frass collection trap was placed under each tree.  Litterfall traps 
were positioned 1 m above the forest floor and consisted of a wooden frame 
constructed from #2 treated lumber with a surface area of 0.25 m2 and 10 cm in depth.  
Trap bases were lined with 2 mm vinyl screen.  Litterfall was collected once every two 
months, dried, and separated by plant species, and weighed to the nearest 0.001 g.  
After refoliation occurred in June, leaves from the crown on the trees were sampled by 
pole pruner or shotgun at approximately 10-15 m.  Subsamples of both clipped (spring) 
and fallen leaves (natural abscission) were analyzed for N content (Chapter 5).  
During the spring (peak feeding activity of both insect species), these traps 
served as frass (feces) collection traps by inserting fine, saran screening (0.25 mm) 
stretched over a 1.9 cm (3/4 in) PVC pipe frame constructed to fit tightly (approximately 
the same area) inside the litterfall trap.  During the last week of defoliation, percent 
defoliation of each tree was determined in 10 percent increments and is reported in 
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Table 4.1.  To more accurately measure annual leaf productivity across all defoliation 
levels, frass biomass was added to end of the year leaf fall of each species and trends 
between the two were compared. 
4.3  Statistical Analyses 
4.3.1  Basal Area Growth  
An ANCOVA was conducted using the proc MIXED statement on SAS 8.0. The 
response variable was basal area growth (cm2 / 2 years) from January 2002 to 
December 2003.  Initially, this variable was analyzed as a split-plot design, as described 
in the methods section.  However, station variation at each site did not significantly 
differ, so the degrees of freedom and sum of squares were pooled into the overall 
model.  Therefore, these data were analyzed as an CRD with a 2x3x3 factorial 
arrangement.  To account for larger trees yielding higher basal area growth than smaller 
trees, initial stem basal area was added as a covariable. Two outliers were removed 
from this analysis. Fisher’s LSD was used to interpret significant interactions and apriori 
comparisons in cross-classified treatments. 
Further analyses were conducted to test if fertilization compensated for loss of 
basal area growth resulting from defoliation.  Yearly basal area growth from 2002 and 
2003 of each species was regressed with defoliation from that year in each of the 
fertilizer treatments.  Again, stem basal area was added as a covariable in each model. 
A total of 42 observations was used for each of the six models. Outliers were removed 
from the six models, and the resultant n is reported in Table 4.3. 
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4.3.2  Litter Productivity 
Two ANCOVAs were conducted on litterfall, one only on the biomass of fallen 
leaves and the other on the biomass of fallen leaves plus frass (weighed to the nearest 
0.001 g/0.25m²/year/tree) with defoliation (%) of each tree for that year as a covariable 
in each model to test for the effects on leaf productivity.  Initially, these variables were 
analyzed as a randomized block design (with a block on the year - 2002 and 2003 
collections) with a split-plot design (sites in the main plot as described in the methods 
section) and a 2x3 factorial arrangement in the subplot.  However, variation due to year 
and station at each site did not significantly differ, so the degrees of freedom and sum of 
squares were pooled into the overall model.  Therefore, the data was analyzed as an 
CRD with a 2x3x3 factorial arrangement.  Fisher’s LSD was used to interpret significant 
interactions and a priori comparisons in cross-classified treatments.  In addition, simple 
linear regression equations of the covariable (defoliation) are reported for both leaf 
biomass and leaf plus frass biomass.    
4.4   Results 
4.4.1  Basal Area Growth 
Basal area growth of both species was highest at the medium forest density site 
(F2,105=19.78, p<0.0001, Figure 4.1), which was mainly due to the differential utilization 
of fertilizer at each site (site x fertilizer, F4,105=3.51, p=0.0099, Table 4.2, Figure 4.1).  
Fertilization at the medium forest density site yielded a higher growth than the fertilized 
trees at either the densest, healthiest site or the sparsely forested site.  Interestingly, in 
the absence of fertilizer, tree growth did not differ across sites (Figure 4.1).  Also, 
cypress trees grew more in basal area than tupelo trees (F1,105=23.99, p<0.0001, Figure 
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4.2).  Although the three-way interaction was not significant (Table 3.1), a more 
sensitive approach consisting of six a priori comparisons (Figure 4.2 and Table 4.3) was 
used to determine if fertilization increased growth for each species at each site.  It was 
ascertained that neither species benefited from fertilization application at the densest 
site; both species grew more with the fertilizer applications at the medium density site; 
and only cypress grew more with the fertilizer applications at the sparsely forested site 
(while tupelo did not).   
In all fertilizer regimes, percent defoliation was negatively correlated to basal 
area growth for tupelo (Table 4.4 and Figure 4.3), and tree size (initial basal area of the 
tree) was positively correlated to basal area growth (Table 4.4).  However, cypress 
basal area growth was not correlated to defoliation or tree size in the unfertilized or the 
fertilized treatments (Table 4.4 and Figure 4.3).             
 
Table 4.1.  Defoliation (%) of study trees in each of the sites according to species for 
2002 and 2003. 
 Species Mean (±1s.e.) Minimum Maximum 
2002     
Dense Tupelo 99.5±0.5 90 100 
 Cypress 77.9±4.8 30 100 
Medium Tupelo 12.4±4.6 1 70 
 Cypress 72.9±6.1 15 100 
Sparse Tupelo 61.6±9.8 1 100 
 Cypress 3.6±1.4 1 30 
2003     
Dense Tupelo 99.3±0.5 90 100 
 Cypress 62.6±6.4 10 100 
Medium Tupelo 2.7±0.9 1 20 
 Cypress 71.7±6.3 20 100 
Sparse Tupelo 3.6±1.4 1 30 
 Cypress 2.2±0.5 1 10 
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Table 4.2.  ANOVA source table of the fixed effects of the cumulative basal area growth 
of cypress and tupelo trees in southern Lake Maurepas in 2002 and 2003. 
 Effect DF F Value Pr>F 
 site 2 105 19.78 <.0001 
 species 1 105 23.99 <.0001 
 fert 2 105 11.98 <.0001
 site*species 2 105 1.67 0.1934 
 site*fert 4 105 3.51 0.0099 
 species*fert 2 105 2.43 0.0932 
 site*species*fert 4 105 0.60 0.6643 
 bacm2 1 105 9.35 0.0028 
 Residual  403.00  
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Figure 4.1.  The 2002 and 2003 cumulative basal area growth of both tupelo and 
cypress trees at three sites in the Lake Maurepas swamp varying in health after 
receiving three levels of fertilization (n=7 trees, ±1s.e., bars with different letters are 
significantly different by Fisher’s LSD, α=0.05). 
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Table 4.3. The 2002 and 2003 cumulative basal area growth of tupelo and cypress trees 
(in Figure 4.2) at three sites in the Lake Maurepas Swamp varying in health after 
receiving three levels of fertilization (n=7 trees, ±1s.e., Fisher’s LSD, α=0.05). 
Species Health (Site) Fertilization Mean (cm2) ±1 s.e. LSD group 
Tupelo High 0 10.78 5.344 H 
Tupelo High 8000 29.36 10.283 CDEFGH 
Tupelo High 16000 12.78 4.885 GH 
Tupelo Medium 0 17.09 4.041 FGH 
Tupelo Medium 8000 44.38 7.171 BCDE 
Tupelo Medium 16000 47.34 4.826 BCD 
Tupelo Sparse 0 14.88 5.138 FGH 
Tupelo Sparse 8000 15.87 2.969 FGH 
Tupelo Sparse 16000 22.06 2.181 FGH 
Cypress High 0 25.82 10.892 EFGH 
Cypress High 8000 27.19 10.576 DEFGH 
Cypress High 16000 29.32 5.815 DEFGH 
Cypress Medium 0 35.89 10.402 CDEF 
Cypress Medium 8000 62.59 8.808 B 
Cypress Medium 16000 88.07 14.654 A 
Cypress Sparse 0 19.56 3.253 FGH 
Cypress Sparse 8000 33.98 5.789 CDEFGH 
Cypress Sparse 16000 51.33 9.282 BC 
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Figure 4.2.   The 2002 and 2003 cumulative basal area growth of (a) tupelo and (b) 
cypress trees in three sites in the Lake Maurepas Swamp varying in health after 
receiving three levels of fertilization (n=7 trees for each bar, ±1s.e.)(Refer to table 3.3 
for mean separations) 
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Table 4.4.  Regression source table of yearly basal area growth in 2002 and 2003 (cm2) 
of (a) tupelo and (b) cypress trees correlated to defoliation (%) and basal area (cm2) in 
the Lake Maurepas swamp. 
(a) Tupelo 
Regressions 
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Slope  
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µ╪0 
t value,  
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Intercept 
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Figure 4.3.  Yearly basal area growth for 2002 and 2003 (cm²/year) of (a) tupelo and (b) 
cypress trees in response to defoliation in the Lake Maurepas Swamp (n= 42 trees / 
regression, statistics reported in Table 4.4). 
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4.4.2  Litter Productivity 
 Fertilization did not significantly increase the biomass of fallen leaves (Table 4.5).   
However, leaf fall was highest under the trees at the densest site, followed by the 
medium density site, with the lowest at the sparsely forested site (Figure 3.4).  This 
trend differed with regard to species; cypress trees produced significantly more leaves 
per tree at the densely and sparsely forested sites, while tupelo had a higher leaf fall at 
the medium forested site (site x species, F2,232=5.07, p=0.0070, Figure 4.4).  A three-
way interaction existed (F4,232=3.05, p=0.0178, Figure 4.5) but was considered not to be 
of biological importance.  The 8000 cfs fertilization treatment at the medium density site 
increased tupelo leaf biomass, yet cypress biomass was lower (Figure 3.5).  As 
defoliation increased, a covariable in the model, leaf fall decreased (F1,232=4.60, 
p=0.0330, Table 4.5, Figure 4.6).  When defoliation was regressed by each species by 
site, all slopes were negatively correlated, but only cypress at the medium density site 
was significant (r²=0.323, y=-0.304x + 57.986, F1,40=19.07, p<0.0001).   
To more accurately measure total leaf productivity across all defoliation levels, 
frass biomass collected in the spring was added to leaf biomass and data were re-
analyzed.  With frass added to the model, cypress produced significantly more leaf litter 
than tupelo at all sites (F1,232=108.71, p<0.0001, Table 4.6, Figure 4.7).  Furthermore, 
cypress trees’ total leaf productivity significantly decreased as forest density / health 
decreased, while tupelo had similar total leaf productivity in the dense and medium 
forest density and significantly lower at the sparsely forested site (site x species, 
F2,232=5.07, p=0.0070, Figure 4.7).  The same pattern of the three way interaction was 
present in the only leaf fall analysis, but tupelo biomass was not significantly higher than 
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cypress in the medium forest density site with the 8000 cfs fertilizer application 
(F4,232=6.45, p=0.0118, Figure 4.8).  Again, this interaction was deemed not to be of 
biological importance since the unfertilized and the 16000 cfs fertilizer treatments did 
not react in a corresponding or logical manner.  In this model, as defoliation increased, 
total leaf productivity increased (F1,232=4.60, p=0.0330, Figure 4.9). This is in contrast to 
the leaf-only productivity, where this correlation was negative. 
 
 
Table 4.5.  ANOVA source table of the fixed effects of the yearly leaf productivity 
(g/0.25m2/year) of cypress and tupelo trees in southern Lake Maurepas in 2002 and 
2003. 
 Effect DF F Value Pr>F 
 site 2 233 19.04 <0.0001 
 spec 1 233 0.61 0.4353 
 fert 2 233 1.38 0.2533 
 site*spec 2 233 6.93 0.0012 
 site*fert 4 233 0.04 0.9962 
 spec*fert 2 233 0.18 0.8316 
 site*spec*fert 4 233 3.05 0.0178 
 def 1 233 4.60 0.0330 
 Residual 203.13 
 
 
 
 
 
Table 4.6.  ANOVA source table of the fixed effects of the yearly leaf and frass 
productivity (g/0.25m²/year) of cypress and tupelo trees in southern Lake Maurepas in 
2002 and 2003. 
 Effect DF F Value Pr>F 
 site 2 232 40.50 <0.0001 
 spec 1 232 108.71 <0.0001 
 fert 2 232 0.10 0.9053 
 site*spec 2 232 5.07 0.0070 
 site*fert 4 232 0.46 0.7655 
 spec*fert 2 232 0.17 0.8434 
 site*spec*fert 4 232 5.36 0.0004 
 def 1 232 6.45 0.0118 
 Residual 296.95 
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Figure 4.4.  Annual leaf fall (g/0.25m²/year) from 2002 and 2003 of cypress (white) and 
tupelo (patterned) trees in three forest densities (n=42 for each bar, ±1s.e., Fisher’s 
LSD α=0.05). 
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Figure 4.5.   Mean fallen leaf biomass (g/0.25m²/year) collected in litterfall traps under 
(a) tupelo and (b) cypress trees at three sites in the Lake Maurepas Swamp varying in 
health after receiving three levels of fertilization (n=14 for each bar, ±1 s.e., note 8000 
cfs medium health data).  
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Figure 4.6.  Fallen leaf biomass (g/0.25m²/year) collected in litterfall traps under tupelo 
and cypress trees in the Lake Maurepas swamp and correlated to defoliation (%) of 
each tree (n=252, 95% C.I.).  
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Figure 4.7.  Annual frass and leaf fall (g/0.25m²/year) from 2002 and 2003 of cypress 
(white) and tupelo (patterned) trees in three forest densities (n=42 for each bar, ±1s.e., 
Fisher’s LSD α=0.05). 
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Figure 4.8.  Mean fallen leaf and frass biomass (g/0.25m²/year) collected in litterfall 
traps under (a) tupelo and (b) cypress trees in at three sites in the Lake Maurepas 
Swamp varying in health after trees received three levels of fertilization (n=14 trees for 
each bar, ±1 s.e.).  
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r²=0.028, y=0.070x+43.996, 
F1,124=3.601, p=0.0600 
r²=0.396, y=0.418x+49.752, 
F1,124=80.492, p<0.0001 
Figure 4.9.  Fallen leaf biomass and frass (g/0.25m²/year) collected in litterfall traps 
under (a) tupelo and (b) cypress trees in the Lake Maurepas swamp and correlated to 
defoliation (%) of each tree (n=126/species, 95% C.I.).  
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4.5  Discussion 
 The increased basal area growth of both tree species with fertilizer application 
indicates that moderately stressed areas surrounding Lake Maurepas should benefit the 
most from nutrient enhancement that would result from a diversion.  Even in the most 
sparsely forested swamp, growth of cypress trees should increase.  However, tupelo 
trees, many of which have severely degraded canopies, are not likely to grow in 
response to nutrient influxes.  In the densest sites, competition with neighboring tree 
species may have limited basal area growth, masking the effects of nutrient 
augmentation. Increased nutrients may have benefited the trees in other ways that were 
not detectable by aboveground productivity, for example nutrient storage, increased 
photosynthetic rates, belowground biomass, etc. (Webb 1978).  Further, this study 
ascertained that defoliation is more likely to affect basal area growth of tupelo than 
cypress, and the nutrient augmentation, if high enough, may compensate for defoliation 
losses to basal area growth for both species.   
Although traditional studies often address defoliators as pests, recent studies 
indicate that arthropods affect forest ecosystems in complex ways.  Trees are capable 
of compensatory growth following defoliator outbreaks, often more than replacing 
growth loss during defoliation (Alfaro and McDonald 1988, Alfaro and Shepard 1991, 
Lovett and Tobiessen 1993, Trumble et al. 1993).  Schowalter et al. (1991) found that 
defoliators removing 20% of the foliage from young Douglas-fir doubled the amount of 
precipitation reaching the forest floor and increased N, K, and Ca flow to the forest floor 
by 20-30%.  Schowalter and Sabin (1991) reported that three taxa of litter arthropods 
were more abundant under defoliated trees, suggesting that defoliation could increase 
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species diversity and stimulate litter decomposition.  Similarly, Progar et al. (2000), 
Schowalter (1992), and Schowalter et al. (1992, 1998) demonstrated that saprophytic 
insects and fungi, including bark beetles and some pathogenic fungi, contribute 
significantly to nutrient cycling from decomposing wood and enhance the fertility of 
underlying soil.   
For forested wetlands in Louisiana, the increased litter reaching the forest floor 
as a result of defoliation observed in this study could certainly be important for aquatic 
food webs, especially in nutrient limited systems common in coastal Louisiana settings.  
The results of this study in Lake Maurepas swamps ascertained that leaf fall biomass 
was lowered by defoliation, but defoliation increased overall leaf biomass reaching the 
forest floor when insect frass from the spring was included, particularly for cypress.  
Furthermore, these results indicate that individual cypress trees contribute more to the 
detrital production than tupelo trees, suggesting that cypress may be more influential in 
the nutrient cycling processes.   
CHAPTER 5 
 
FOLIAR NUTRIENT CYCLING PATTERNS OF FERTILIZED BALDCYPRESS AND 
TUPELO TREES IN LAKE MAUREPAS SWAMPS 
 
5.1  Introduction 
5.1.1  Nutrient Cycling Patterns and Defoliation in Forested Ecosystems 
  Forest defoliation by insects can lead to severe disruptions in nutrient cycling by 
altering biomass, detrital processes, and nutrient content of litterfall reaching the forest 
floor.  Studies have shown that defoliation products (foliage, insect tissues, and frass) 
transfer a considerable amount of nutrients to the litter layer (Schowalter 1981, 
Schowalter and Crossley 1983, Seastedt and Crossley 1984, Swank et al. 1981).  
Premature litterfall resulting from artificial defoliation returned ten times as much 
nitrogen to the litter as would normal litterfall (Klock and Wickman 1978).  Schowalter et 
al. (1991) found that defoliators removing 20% of the foliage from young Douglas-fir, 
doubled the amount of precipitation reaching the forest floor, and increased N, K, and 
Ca flow to the forest floor by 20-30%.  With more nutrients reaching the forest floor, 
defoliation may affect water quality in adjacent streams (Coulson and Witter 1984, Klock 
and Wickman 1978, Swank et al. 1981, White and Schneeberger 1981).  In the 
northeastern United States, herbivory does not appear to affect water quality 
significantly (Bormann and Likens 1979, White and Schneeberger 1981), perhaps 
because of the high baseline in concentration of nutrients in these streams (Swank et al. 
1981).  However, nitrate-impoverished streams in the southeastern United States show 
significant increases in NO3-N concentrations during periods of defoliation (Swank et al. 
1981).   
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Hutchens and Benfield (2000) found that breakdown rates of chestnut oak 
(Quercus prinus L.) leaves were faster for second-flush leaves produced after gypsy 
moth (Lymantria dispar L.) defoliation than those of natural spring-flush leaves shed in 
autumn in three of the six streams tested.  They concluded that insect defoliation 
accelerates detritus processing in southern Appalachian streams.  However, induced 
defenses by the plant as a result of insect pressure may reduce litter decomposition 
rates (Zlotin and Khodashova 1980).  Based on N-15 labeled isotopes, N-15 in gypsy 
moth frass was mobilized more quickly (40% incorporated in the soil) than N-15 in leaf 
litter (80% remained undecomposed in the leaf litter) in an oak forest (Christenson et al. 
2002).  However, frass N may be largely unavailable to plants and microorganisms, as 
little N-15 was found in the extractable, microbial, or readily mineralizable pools. 
These processes may be particularly important for declining, nutrient-limited 
Louisiana swamps, as litterfall associated with insect herbivory may be an important 
nutrient source for primary and secondary productivity in the spring when biological 
emergence is at its peak.  Furthermore, to sustain current canopy trees and promote 
natural regeneration, there is a need for re-establishment of nutrients and other riverine 
inputs into these declining swamps (Baumann et al. 1984, Templet and Myer-Arendt 
1988, Boesch et al. 1994, Day et al. 2000).  Importantly, cypress tupelo swamps are 
known to be long-term sinks for both nitrogen and phosphorous via the burial of partially 
decomposed organic and inorganic matter under reduced soil conditions and 
denitrification (Kemp et al. 1985). However, no research into nutrient/biological 
interactions of the trees and defoliators in these swamps has been conducted. 
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5.1.2  Defoliation of Baldcypress and Tupelo   
In addition to abiotic stressors present (impoundment, subsidence, increased 
salinity, nutrient deprivation) in southeast Louisiana swamps, the two dominant tree 
species, water tupelo (Nyssa aquatica L.) and baldcypress (Taxodium distichum L. 
Richard), receive an annual defoliation in the spring.  This defoliation event occurs 
simultaneously with both species and starts in March and continues through mid May.  
Water tupelo is defoliated by the FTC (forest tent caterpillar, Malacosoma disstria 
Hubner).  Defoliation levels in Louisiana alone have exceeded 250,000 ha during a 
single season (Nachod and Kucera 1971, Nachod 1977) and averaging 120,000 ha 
each year (Figure 4.1) with much occurring in the Maurepas Basin (Goyer and 
Chambers 1996).   
In 1983, an epidemic of BCLR (baldcypress leafroller, Archips goyerana Kruse) 
occurred on baldcypress in and around the Atchafalaya Basin (Goyer and Lenhard 
1988).  This outbreak has since spread to southern Lake Maurepas and Lake Verret, 
(Goyer and Chambers 1996) defoliating as much as 200,000 ha in a single season and 
averaging 72,000 ha each year (Figure 5.1).   
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Figure 5.1.  Defoliation of Louisiana forested wetlands (1000 ha) of tupelo trees by the 
forest tent caterpillar (white) and baldcypress trees by the baldcypress leafroller (grey) 
from 1976-2003 (from Goyer, unpublished). 
 
5.1.3.  Restoration Issues in Louisiana Swamps 
Management practices for the restoration of wetlands in coastal Louisiana include 
the re-establishment of the Mississippi River inputs (diversions) in declining systems.  
Wetlands that were historically influenced, but now isolated from these riverine inputs, 
are currently subsiding [sinking approximately 1m/century (Salinas et al. 1986)], and 
decreasing in productivity and biodiversity (Conner and Day 1988, Conner and Buford 
1998).  Most of the swamps in coastal Louisiana, including the Maurepas Basin, are 
hydrologically isolated from the Mississippi River (Mossa 1996), highly impounded by 
man-made structures (Turner 1997), decimated by saltwater intrusion (Conner and 
Brody 1989, Conner and Toliver 1990), and have experienced more frequent flooding, 
for longer periods (Conner and Day 1984).  To sustain current canopy trees and 
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promote natural regeneration, nutrients and other riverine inputs need to be re-
establihsed in swamps (Baumann et al. 1984, Templet and Myer-Arendt 1988, Boesch 
et al. 1994, Day et al. 2000).   
Active and approved diversions are designed to flush soil phytotoxins and 
interstitial salt accumulation from salt water events, and increase soil elevation as well 
as biological production, as natural hydrological conditions accomplished historically 
(LACWPPRA 1993, LACOAST 2050 1998).  Two diversions in operation (the 
Atchafalaya Spillway and Caernarvon) have demonstrated that riverine inputs into 
wetlands resulted in increased primary and secondary production (Visser 1989, 
LACOAST 2050 1998, Lane et al. 1999).   
5.1.4.  Lake Maurepas Swamp 
 Lake Maurepas is a large lake (roughly 21km in diameter) in the Lake 
Pontchartrain Basin in southeast Louisiana.  At the turn of the 20th century, baldcypress 
in southern Lake Maurepas was harvested en masse as were forests in most of coastal 
Louisiana (Mancil 1980).  Baldcypress and tupelo forests in this area have since 
regenerated, but many areas currently have declining vigor.  South of Lake Maurepas, 
the Mississippi River curves and has an easterly flow.  This part of the swamp is a 
candidate hydrological restoration area, and it recently has been proposed to receive a 
river diversion because of its declining tree health by both biotic (mammalian and insect 
herbivory) and abiotic stress factors (subsidence resulting in prolonged flooding, 
increased salinity fluxes, and nutrient depletion) as well as its previous history of 
receiving inputs from the Mississippi River.  The approved diversion planned for 
baldcypress-tupelo swamps of southern Lake Maurepas was voted to Phase II of 
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funding, but construction of the structure has not yet begun.  Based upon UNET models 
with data collected in 2002, greater than 90% of the nitrates and nutrients will be 
retained by the swamps before the Mississippi River diversion waters reach Lake 
Maurepas (Lane et al. 2003).   
Sites for this study were selected based on three habitat types:  densely forested, 
basal area=5.380±0.187 m²/ha (143.0 ft²/acre), intermediately forested, basal 
area=2.579 m²/ha (68.5±4.1 ft²/acre), sparsely forested, basal area=2.740±0.148 m²/ha 
(72.9±3.9 ft²/acre).  These habitat types represent three distinct degrees of swamp 
productivity based upon survey data from 2000 by Southeastern Louisiana University 
Wetland Lab (Wilson et al. 2001), plus these areas receive frequent defoliation events.  
In this case, tree density is reflective of forest degradation.  Although the basal area 
density of the sparsely forested site is similar to that on the intermediate density, the 
sparsely forested site has far less canopy closure due to the highly degraded canopy 
structure of the tupelo trees at the sparsely forested site.  The tupelo trees at this site 
are missing the apical portion of the main stem, and resulting in mostly coppiced 
growth, which is indicative of the most degraded sites in the Basin (where trees still 
exist). 
The stations for the densely forested site were located on Hope Canal 
approximately 1.5 km north of Highway 61 in Garyville, LA.   The stations for the 
medium forest density site were located at the end of the eastern branch canal of 
Reserve Relief Canal 1.5 km north of I-10 near Reserve, LA.  The stations for the 
sparsely forested or the most degraded site were on Bayou Lil’ Chene Blanc near the 
junction of the Amite River Diversion Canal and Blind River, 3 km south of Hwy 22 in 
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Manchac, LA.  All sites were accessible by a boat, and study trees were located at least 
50 m away from the navigable channel.   
5.1.5  Study Objectives 
The objectives of this study were: 
1. To determine if nutrient enhancement resulting from a diversion will increase the 
foliar nutrient content of the canopy, frass, and litterfall in existing cypress and 
tupelo trees across a range of habitat health. 
2. To determine if different nutrient loading rates affect foliar nutrient content of 
these two species differently, and if these patterns change with respect to the 
different habitat types varying in health.    
3. To determine if nutrient enhancement will increase nitrate loading rates via frass 
during defoliation periods in existing cypress and tupelo trees across a range of 
habitat types varying in health. 
4. To determine the influence of defoliation on the foliar nutrient content of leaves in 
the canopy and litterfall in existing cypress and tupelo trees across a range of 
habitat types varying in health. 
5.2  Methods  
The evaluation of foliar nutrient responses to fertilizer augmentation at the Lake 
Maurepas sites was conducted from January 2001 to December 2003.  The experiment 
consisted of a split-plot design.  The main plot included three sites that were selected 
based on stand health (see above) after surveying the Basin.  Selection was based on 
tree density and presence of insects on both tree species (two stations per site) and 
consisted of a 2x3 factorial design.  Within each site, two tree species were assessed 
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(baldcypress and tupelo), and each species randomly received three nutrient regimes 
(no added nutrients, fertilizer applications equivalent to N and P loading rates of a 8000 
cfs Mississippi River diversion for 4 months and 16000 cfs- a 2x loading rate).  All cross-
classified combinations were included with seven replicates (trees) at each site, totaling 
126 trees varying in age from 40 to 80 years old.  Individual trees were selected based 
upon minimum overlapping canopies to allow for discrete measurements.  
In February of 2001, 2002 and 2003, fertilized trees received slow-release 
Osmocote® 18-6-12 (B.W.I. Jackson, MS.) for three years in each spring before leaf 
buds began to break dormancy.  A dosage of 236 g/m2 of Osmocote® was calculated 
based on the nitrogen loading rates of the Mississippi River at Caernarvon 8000 cfs 
(10.4 g/m2/yr) from Lane et al. (1999).  Average canopy radius to the nearest 0.5 m 
determined the area of fertilization around the base of each tree.  
A single litterfall/frass collection trap was positioned under each tree 1 m above 
the forest floor.  Litterfall traps consisted of a wooden frame constructed from #2 treated 
lumber with a surface area of 0.25 m2 and were 10 cm in depth.  Trap bases were lined 
with 2 mm fiberglass screen.  Litterfall collection was approximately once every two 
months.  Material was dried, separated into sticks, seeds, and leaves of the respective 
tree species, and weighed to the nearest 0.001 g.  After refoliation occurred in June, 
leaves on the trees were sampled with a pole pruner or shotgun at approximately 15-20 
m above the ground.  In 2002 and 2003 subsamples of both clipped and fallen leaves 
were analyzed for N and P content.  The nutrient analyses were conducted using fallen 
leaves collected at peak leaf fall time for each species, September for tupelo and 
December for baldcypress.   
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During the spring (peak feeding activity of both insect species), frass (feces) 
collection traps were inserted into the litterfall traps.  Frass traps consisted of fine, saran 
screening (0.25 mm mesh) stretched over a 1.9 cm (3/4 in) PVC pipe frame constructed 
to fit tightly (approximately the same collection area) inside the litterfall trap.  Frass was 
collected once a week by sweeping the frass trap into a 120 ml vinyl specimen cup.  
Samples were returned to lab, uncovered, oven dried for 48 hours, and then stored at 
room temperature until they could be separated from other litter and weighed to the 
nearest 0.001 g.  
The nutrient analyses were conducted on subsamples of the frass (from the peak 
collection period for each species) to evaluate nutrient inputs from insect herbivory 
independently from undefoliated, senesced leaves, which presumably contained a lower 
nutrient composition than frass.  The 2002 frass collection was analyzed for nitrogen 
(N%) and nitrate (NO3-ppm) content.  The 2003 frass collection was analyzed for 
nitrogen (N%), phosphorous (P%), and nitrate (NO3- ppm) content using AOC (1995) 
protocols, and was conducted at the LSU/LDAF Agricultural Chemistry Laboratory on 
the LSU-Baton Rouge campus.   
5.3  Statistical Analyses 
For all analyses, nutrient content (N%, NO3- ppm, or P%) was initially analyzed 
as a split-plot design, with site in the main plot, to test site differences using station-to-
station variation.  However, in all models, the error term for the main plot was 
determined to not be significantly different from overall residual error.  Therefore, 
analyses were conducted on each model as a CRD with a factorial arrangement, unless 
explicitly stated, using the proc MIXED statement on SAS 8.0.  All significant effects 
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(α=0.05) are discussed.  All data sets met the criteria for parametric analysis.  Fisher’s 
LSD (α=0.05) was used as the post-ANOVA technique for interpretation of significant 
interactions and a priori cross-classified comparisons of biological and ecological 
significance.  In all analyses, the a priori comparisons made were (1) as fertilizer 
application increases, the nutrient content increases in each leaf type (no fertilizer vs. 
16000 cfs), and (2) as the health of the site increased, the nutrient content increases in 
each leaf type (health/densely forested site vs. the sparsely forested site).  Statistical 
procedures for each dataset are discussed in the following sections titled: 5.3.1 Nitrogen 
Content of Clipped Leaves and Litterfall 2002-2003, 5.3.2 Comparison of the Nitrogen 
Content of Frass to other Leaf Parameters in 2002, 5.3.3 Frass Nitrogen Content for 
2001-2003 5.3.4 Frass Nitrate Content for 2002, 5.3.5 Phosphorous Content of Clipped 
Leaves and Litterfall 2002-2003, and 5.3.6 Phosphorous Content of Frass Compared to 
other Leaf Parameters in 2003. 
5.3.1  Nitrogen Content of Clipped Leaves and Litterfall 2002-2003 
An ANCOVA was conducted on nitrogen (%) content as a RBD with a 2x2x3x3 
factorial arrangement with a block on year.  Because defoliation was collinear with site, 
two models are presented, one with percent defoliation as a covariable and one model 
without defoliation (Table 5.1.).  The treatments included two species (cypress and 
tupelo), two leaf types (spring clipped leaves and leaf litter), the three fertilizer 
treatments (0, 8000 cfs, and 16000 cfs), and the three sites (correlating to forest 
density/health).  Each leaf type was represented in each of the cross-classified species, 
fertility, and site categories. The number of trees sampled each year was n=36 for litter 
and n=122 for clipped for 2002, and n=36 for litter and n=126 for clipped for 2003.  
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Degrees of freedom were Satterthwaite adjusted for unequal sample sizes.  One outlier 
from the clipped leaves was appropriately removed.   
5.3.2  Comparison of the Nitrogen Content of Frass to other Leaf Parameters in 2002  
The 2002 data set was the only year frass was represented in all treatment 
combinations, and therefore a model was constructed for that year only, comparing 
relative amounts of nitrogen in frass to that in clipped leaves and litterfall.  An ANOVA 
was conducted on nitrogen (%) content as a CRD with a 2x3x3x3 factorial arrangement.  
The treatments included two species (cypress and tupelo), three leaf types (frass, 
spring clipped, and leaf litter), the three fertilizer treatments (0, 8000 cfs, and 16000 
cfs), and the three sites (correlating to forest density/health).  Each leaf type was 
represented in each of the cross-classified species, fertility, and site categories. The 
number of trees sampled for each leaf type was n=101 for frass, n=122 for clipped, and 
n=36 for litterfall.  One outlier from the clipped leaves was appropriately removed.   
5.3.3  Frass Nitrogen Content for 2001-2003 
Frass collections were not represented in all treatment combinations during all 
years.  Therefore, an ANOVA was conducted using a reduced model on frass nitrogen 
content across three years for all testable interactions.  The reduced model 
arrangement is displayed in Table 4.3 of the results section.  Frass sample size for each 
year was the following: 2001- n=40, 2002- n=101, and 2003- n=88.  One outlier was 
appropriately removed from the 2003 data set.   
5.3.4  Frass Nitrate Content for 2002 
The 2002 data set was the only year frass was represented in all treatment 
combinations (above) and the 2003 chemical analyses for nitrate were suspect to error, 
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therefore a model was constructed using the 2002 collections.  An ANOVA was 
conducted on nitrogen (%) content as a CRD with a 2x3x3 factorial arrangement.  The 
treatments included two species (cypress and tupelo), the three fertilizer treatments (0, 
8000 cfs, and 16000 cfs), and the three sites (correlating to forest density/health).  Each 
leaf type was represented in each of the cross-classified species, fertility, and site 
categories. The number of trees sampled for was n=101, and three of which were 
appropriately removed as outliers.   
5.3.5  Phosphorous Content of Clipped Leaves and Litterfall 2002-2003 
An ANCOVA was conducted on phosphorous (%) content as a RBD with a 
2x2x3x3 factorial arrangement with a block on year.  Because defoliation was collinear 
with site, two models are presented with percent defoliation as a covariable and one 
model without (Table 4.3.).  The treatments included two species (cypress and tupelo), 
two leaf types (spring clipped leaves and leaf litter), the three fertilizer treatments (0, 
8000 cfs, and 16000 cfs), and the 3 sites (correlating to forest density/health).  Each leaf 
type was represented in each of the cross-classified species, fertility, and site 
categories. The number of trees sampled each year was n=36 for litter and n=122 for 
clipped for 2002, and n=36 for litter and n=126 for clipped for 2003.  Degrees of 
freedom were Satterthwaite adjusted for unequal sample sizes.  Nine outliers from the 
clipped leaves were appropriately removed.   
5.3.6  Phosphorous Content of Frass Compared to other Leaf Parameters in 2003  
The 2003 data set was the one in which year phosphorous content (%) was 
measured in frass. Therefore, a reduced model was constructed only using two sites 
(the healthiest and the most degraded, sparsely forested site). In these sites, the 
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phosphorous content of frass was compared to clipped leaves and litterfall.  An ANOVA 
was conducted on phosphorous content as a CRD with a 2x2x3x3 factorial 
arrangement.  The treatments included two species (cypress and tupelo), two sites 
(correlating to forest density/health), three leaf types (frass, spring clipped, and leaf 
litter), and the three fertilizer treatments (0, 8000 cfs, and 16000 cfs).  Each leaf type 
was represented in each of the cross-classified species, fertility, and site categories. 
The number of trees sampled for each leaf type was n=64 for frass, n=84 for clipped, 
and n=24 for litterfall.  Four outliers (2 from frass and 2 from clipped) were appropriately 
removed.   
5.4  Results 
 The results of the nutritional content of leaves are described in the following 
sections:  5.4.1 Nitrogen Content of Clipped Leaves and Litterfall 2002-2003, 5.4.2 
Comparison of the Nitrogen Content of Frass to other Leaf Parameters in 2002, 5.4.3 
Frass Nitrogen Content 2001-2003, 5.4.4 Frass Nitrate Content from 2002, 5.4.5 
Phosphorous Foliar Content from 2002 and 2003, and 5.4.6 Phosphorous Content of 
Frass Compared to other Leaf Parameters in 2003.  The overall means of nitrogen, 
phosphorous, and nitrate content for each species and leaf type (frass, spring clipped 
leaves, fall litter) are presented in Table 5.1.  The mean defoliation of each species at 
each site is reported in Table 4.1. 
5.4.1  Nitrogen Content of Clipped Leaves and Litterfall 2002-2003 
As fertilization increased, foliar nitrogen levels significantly increased in both leaf 
types, both species, and in all forest densities/healths (main effect - F2,28.9=7.76, 
p=0.020, linear contrast - F1, 29=15.51, p=0.0005), and did not interact with any other 
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treatments (Table 5.2).   As expected, spring clipped leaves had a higher nitrogen 
content than those in fall leaves (F1, 29=89.06, p<0.0001, Figure 5.1).  Nitrogen content 
in clipped leaves was highest at the healthiest, and decreased at both of the more 
degraded sites, while the nitrogen content of fallen leaves was similar at all sites (site x 
leaf type, F1, 29=4.53, p<0.0196, Figure 5.2).  Clipped tupelo leaves were higher in 
nitrogen content than clipped cypress leaves, but cypress had a higher nitrogen content 
in fallen leaves than tupelo (species x leaf type, F1, 28.6=29.61, p<0.0001, Figure 5.3).  
Foliar nitrogen content significantly increased as percent defoliation of each tree 
increased when defoliation was added as a covariable in the overall model (F1, 
282=38.82, p<0.0001, Table 5.2).  Furthermore, foliar nitrogen content significantly 
increased for both leaf types and species as defoliation increased (Figure 5.4).        
5.4.2  Comparison of the Nitrogen Content of Frass to other Leaf Parameters 2002  
When all sites were analyzed together (2002), a significant interaction occurred 
between species and leaf type (F2,204=29.17, p<0.0001, Figure 5.5, Table 5.3).  For 
tupelo, frass nitrogen content was significantly higher than clipped leaves and litter fall.  
The opposite was true for cypress frass, where the nitrogen content was lower than in 
clipped leaves and fallen leaves.  Another significant interaction occurred between site 
and leaf type (F4,204=3.85, p=0.0049, Table 5.3, Figure 5.6).  At the high forest 
density/health site, nitrogen content of frass was lower than clipped leaves, but higher 
than in fallen leaves.  At the other sites, frass nitrogen content was similar in clipped 
leaves and higher than in fallen leaves. 
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5.4.3 Frass Nitrogen Content 2001-2003 
In all three years, as the fertilization dosage increased, nitrogen content of frass 
increased (F2,186=5.320, p=0.0057, Figure 5.7, a priori linear contrast of 0 vs 16000 cfs - 
F1,186=10.36, p=0.0015), and this trend was maintained for both species and all forest 
density/health sites (ie., no interaction with other variables; Table 5.4).   
The FTC frass (tupelo trees) had a higher nitrogen content than BCLR frass 
(cypress) (F1,186=86.65, p<0.0001, Figure 5.8).  FTC frass from tupelo trees did not 
differ among forest density/health types, but cypress frass decreased in nitrogen 
content as forest density/health decreased (site x species, F2,186=5.50, p=0.0048, Figure 
5.8).   
Overall, frass nitrogen content decreased as forest density/health significantly 
decreased (linear contrast 0 vs 16000 cfs - F1,186=25.74, p=0.006),  However a 
significant trend is only seen in 2002 (Figure 5.9), but in 2001 and 2003, patterns were 
more difficult to interpret (site x year, F4,186=4.231, p=0.003, Figure 5.9).         
5.4.4  Frass Nitrate Content 2002 
Frass nitrate content did not differ across fertility levels (Table 5.5). The main 
effects of site and species were significant, but were confounded by the significant site x 
species interaction (F2,80 =8.40, p=0.0005, Figure 5.10).  Frass from cypress foliage was 
higher in nitrate content than frass from tupelo foliage, but only at the healthiest site. 
This was the only site that both species were heavily defoliated.  By the nature of stand 
density (more trees, more leaves, more insects), one would expect frass loading rates 
to be higher, perhaps the previous year of defoliation may have influenced nitrate 
loading rates of the frass altering the tree-insect complex. 
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Table 5.1.  Source table of the overall means of nitrogen (%) and phosphorous (%) 
content of frass and clipped and fallen leaves and frass nitrate content of cypress and 
tupelo trees using collection periods from the Lake Maurepas basin ranging from 2001-
2003.   
Variables Means  (±1s.e.) 
 Cypress Tupelo 
Nitrogen (%)   
   Frass (2001-03) 1.171 ± 0.026 1.757 ± 0.033 
   Clipped (2002-03) 1.524 ± 0.032 1.632 ± 0.033 
   Litterfall (2002-03) 1.353 ± 0.042 1.120 ± 0.042 
   
Nitrate (as N in ppm)   
   Frass (2002)  137.18 ± 8.11 74.69 ±13.40 
   
Phosphorous (%)   
   Frass (2003) 0.090 ± 0.002 0.186 ± 0.010 
   Clipped (2002-03) 0.131 ± 0.004 0.108 ± 0.004 
   Litterfall (2002-03) 0.091 ± 0.003 0.062 ± 0.002 
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Table 5.2.  Analysis of variance of the nitrogen content of clipped and leaf litter for 2002-
2003 with and without defoliation as a covariable; Satterthwaite adjusted degrees of 
freedom.   
                                              With Defoliation Without Defoliation 
Effect                                 DF           F Value    Pr > F DF          F Value       Pr > F 
Site                                    2, 40.1       1.34       0.2740 2, 29.7      17.06       <.0001   
Species                              1, 28.6       4.05       0.0536 1, 29.7        3.03       0.0919 
Fert                                    2, 28.9       7.76       0.0020 2, 29.7      91.13       0.0008 
LeafType                           1, 29        89.06       <.0001 1, 29.7      88.33       <.0001 
Site*Species                      2, 35.6       3.73       0.0338 2, 29.7        0.65       0.5312 
Site*Fert                            4, 28.6       0.13        0.9709 4, 29.7         0.08      0.9879 
Site*LeafType                   2, 28.5       4.53        0.0196 2, 29.7         3.97      0.0298 
Species*Fert                      2, 28.7       0.44        0.6498 2, 29.7         0.93      0.4053 
Species*LeafType              1, 28.6     29.61        <.0001 1, 29.7       23.87      <.0001 
Fert*LeafType                    2, 29          0.59        0.5611 2, 29.7         0.20      0.8226 
Site*Species*Fert               4, 28.6       1.70        0.1778 4, 29.7         1.37      0.2666 
Site*Species*LeafTyp        2, 28.7       0.40        0.6766 2, 29.7         0.05      0.9528 
Species*Fert*LeafTyp        2, 28.9       0.04        0.9561 2, 29.7         0.16      0.8515 
Site*Fert*LeafType            4, 28.7       1.81        0.1551 4, 29.7         1.38      0.2659 
Site*Spec*Fert*LeafT        4, 28.6       0.22        0.9222 4, 29.7         0.23      0.9178 
Defoliation                         1, 282      38.82       <.0001  
Year (Site*Spec*Fert*Leaf)   0.01193     0.01393 
Residual                                0.02326 0.03694 
 
 
Table 5.3.  ANOVA source table of the nitrogen content of different foliage types 
including frass from 2002. 
 Effect DF F Value Pr>F 
 Site 2 204 36.34 <0.0001 
 Species 1 204 4.84 0.0289 
 Fert 2 204 19.62 <0.0001 
 LeafType 2 204 29.17 <0.0001 
 Site*Species 2 204 8.08 0.0004 
 Site*Fert 4 204 1.06 0.3783 
 Site*LeafType 4 204 3.85 0.0049 
 Species*Fert 2 204 2.01 0.1363 
 Species*LeafType 2 204 60.58 <0.0001 
 Fert*LeafType 4 204 0.24 0.9129 
 Site*Species*Fert 4 204 1.30 0.2729 
 Site*Species*LeafType 4 204 1.31 0.2691 
 Species*Fert*LeafType 4 204 0.64 0.6347 
 Site*Fert*LeafType 8 204 1.63 0.1169 
 Site*Spec*Fert*LeafType 8 204 0.92 0.4988 
 Residual 0.05207 
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Table 5.4.  ANOVA source table of the fixed effects for frass nitrogen content from 2001 
– 2003. 
 Effect DF F Value Pr>F 
 Year 2 186 32.07 <0.0001 
 Site 2 186 1.89 0.1544 
 Species 1 186 86.65 <0.0001 
 Fert 2 186 5.32 0.0057 
 Year*Site 4 186 4.23 0.0027 
 Year*Species 2 186 2.97 0.0540 
 Year*Fert 4 186 0.22 0.9280 
 Site*Species 2 186 5.50 0.0048 
 Site*Fert 4 186 0.84 0.5001 
 Species*Fert 2 186 0.10 0.9062 
 Site*Species*Fert 4 186 1.13 0.3457 
 Year*Site*Fert 8 186 0.28 0.9725 
 Year*Species*Fert 4 186 0.70 0.5949 
 Residual 0.03847 
 
 
 
 
 
Table 5.5.  ANOVA source table of the fixed effects of frass nitrate (as N) content from 
2002. 
 Effect DF F Value Pr>F 
 Site 2 80 6.55 0.0023 
 Species 1 80 15.96 0.0001 
 Fert 2 80 0.07 0.9285 
 Site*Species 2 80 8.40 0.0005 
 Site*Fert 4 80 0.15 0.9622 
 Species*Fert 2 80 0.18 0.8357 
 Site*Species*Fert 4 80 1.99 0.1043 
 Residual 4002.99 
 163 
  
0 8000 16000 
Fertilizer Application (cfs) 
0 
1 
2 
3 
N
itr
og
en
 (%
) 
         
         
         
         
         
         
         
         
         
         
 
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
     
      Litter 
Clipped 
Leaf Type 
b 
c 
d 
a 
 
ab 
         
cd  
Figure 5.1.  Foliar nitrogen content of spring clipped leaves and litterfall in response to 
fertilizer application to cypress and tupelo trees (a priori comparison of 0 vs 16000 cfs 
using Fisher’s LSD, α=0.05, n=84 for clipped bars and n=24 for litter bars, ±1 s.e.). 
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Figure 5.2.  Foliar nitrogen content of spring clipped leaves (white) and litterfall 
(patterned) cypress and tupelo trees across three forest densities 2002 and 2003 (a 
priori comparison of high vs sparse using Fisher’s LSD, α=0.05, n=84 for each clipped 
bar, n=24 for litterfall, ±1 s.e.). 
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Figure 5.3.  Foliar nitrogen content of spring clipped leaves (white) and litterfall 
(patterned) cypress and tupelo trees 2002 and 2003 (Fisher’s LSD, α=0.05, n=126 for 
each clipped bar, n=36 for litterfall, ±1 s.e.). 
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n=36, r2=0.132 
y=0.003x+1.231 
F1,34=5.168, p=0.029 
n=124, r2=0.312 
y=0.004x+1.346 
F1,122=55.315, p<0.0001 
n=36, r2=0.191 
y=0.001x+1.049 
F1,34=8.035, p=0.008 
n=123, r2=0.272 
y=0.003x+1.494 
F1,121=45.199, p<0.0001 
Figure 5.4.  Foliar nitrogen content correlated with individual defoliation of cypress (top) 
and tupelo (tupelo) trees of clipped (left) and litterfall (right) in 2002 and 2003 (95% 
C.I.). 
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Figure 5.5.  Nitrogen content of frass (white), clipped leaves (patterned), and litterfall 
(black) for cypress and tupelo trees in 2002 only (Fisher’s LSD, α=0.05, ±1s.e.). 
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Figure 5.6.  Nitrogen content of frass (white), clipped leaves (patterned), and litterfall 
(black) for both cypress and tupelo trees at the three sites in 2002 only (Fisher’s LSD, 
α=0.05, ±1s.e.). 
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Figure 5.7.  Frass nitrogen content in response to fertilizer application to cypress and 
tupelo trees in Lake Maurepas swamp (a priori linear contrast of 0 vs 16000 cfs - 
F1,186=10.36, p=0.0015, ±1 s.e.) 
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Figure 5.8.  Frass nitrogen content from cypress (white) and tupelo (patterned) in three 
forest densities in Lake Maurepas swamp from 2001-2003 (Fisher’s LSD, α=0.05, 
±1s.e.). 
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Figure 5.9.  Frass nitrogen content (%) from three forest densities from cypress and 
tupelo in Lake Maurepas swamp from 2001-2003 (Fisher’s LSD, α=0.05, ±1s.e.). 
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Figure 5.10.  Frass nitrate content (as N ppm) of cypress (white) and tupelo (patterned) 
trees in three forest densities in Lake Maurepas swamp from 2002 (Fisher’s LSD, 
α=0.05, n=20, 18, 21, 6, 20, 13 for each bar left to right, ±1s.e.).   
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5.4.5  Phosphorous Foliar Content 2002-2003 
Phosphorous content was significantly higher in clipped leaves than fallen leaves 
(F1,46.6=51.01, p<0.0001, Table 5.6, Figure 5.11) and was significantly higher in cypress 
leaves than tupelo leaves (F1,46.2=22.63, p<0.0001, Table 5.6, Figure 5.11) in both 
clipped and fallen.  Defoliation was positively correlated to foliar phosphorous content in 
both species and leaf types (F1,276=10.22, p=0.0016, Table 5.6, Figure 5.12).  However, 
when defoliation was used as a covariable, phosphorous content was not different 
among the three sites (Table 5.6) or in an a priori contrast, but when defoliation was 
removed from the model, the healthiest site was higher in phosphorous than the more 
degraded sites (F2,46.8=6.91, p=0.0023, Figure 5.13).  The high P levels at the healthiest 
site may be a result of heavy defoliation of both tree species, or that phosphorous may 
be correlated to health in this system.  
5.4.6  Phosphorous Content of Frass Compared to other Leaf Parameters in 2003  
As fertilizer increased, foliar phosphorous increased (main effect- F1,130=5.19, 
p=0.0068, linear contrast of 0 vs 16000 cfs - F1,130=9.75, p=0.0022).  However, an a 
priori comparison using Fisher’s LSD (0 vs 16000 cfs fertilizer treatments in each leaf 
type) showed that an increase in phosphorous did not occur in the leaf litter (Figure 
5.14).    
A significant 3-way interaction existed among site, species, and leaf type 
(F2,130=17.23, p<0.0001, Table 5.7, Figure 5.15).  This interaction was driven by the 
significantly higher phosphorous content in tupelo frass at the densest/healthiest site 
compared to all other combinations.  However, interpretations of the other effects were 
not confounded.   
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Tupelo frass had a significantly higher phosphorous content than cypress frass, 
while cypress litter was significantly higher in phosphorous than tupelo litter (species x 
leaf type -(F2,130=119.80, p<0.0001, Table 5.7, Figure 5.15).  Further, tupelo exhibited 
the highest phosphorous content in frass, followed by clipped leaves with the lowest 
levels in the litter.  In contrast, the phosphorous content of baldcypress was highest for 
clipped leaves, where as levels in litterfall and frass were significantly lower with no 
significant difference between phosphorous content in baldcypress litterfall and frass 
(Figure 5.15).  Another significant 2-way interaction occurred between site and species 
(F1,130=16.65, p<0.0001, Table 5.7, Figure 5.15).  Phosphorous content of tupelo 
(across all foliage types) was higher in the densely forested/healthy site (bottom left) 
than the sparsely forested/degraded site (bottom right).  Phosphorous content of 
cypress (top) was not different between the two sites. 
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Table 5.6.  ANOVA source table of the phosphorous content of clipped and leaf litter for 
2002-2003 with and without defoliation as a covariable and Satterthwaite adjusted 
degrees of freedom.   
                                               With Defoliation Without Defoliation 
Effect                                    DF          F Value      Pr > F DF          F Value       Pr > F 
Site                                    2, 58.9      1.94         0.1529 2, 46.8       6.91        0.0023 
Species                              1, 46.2    22.63         <.0001 1, 46.8     22.23        <.0001 
Fert                                    2, 46.6      1.86         0.1670 2, 46.8       2.73        0.0757 
LeafType                           1, 46.6    51.01       <0.0001 1, 46.8     55.85        <.0001 
Site*Species                      2, 53.5      0.50         0.6104 2, 46.8       0.67        0.5177 
Site*Fert                            4, 46.3      0.16         0.9561 4, 46.8       0.23        0.9205 
Site*LeafType                   2, 46.2      2.72         0.0766 2, 46.8       2.60        0.0847 
Species*Fert                      2, 46.4      0.12         0.8856 2, 46.8       0.13        0.8758 
Species*LeafType              1, 46.2      0.16         0.6906 1, 46.8       0.16       0.6930 
Fert*LeafType                    2, 46.6      0.40         0.6711 2, 46.8       0.26       0.7703 
Site*Species*Fert               4, 46.3      0.38         0.8205 4, 46.8       0.28       0.8917 
Site*Species*LeafTyp        2, 46.4      0.22         0.8004 2, 46.8       0.28       0.7544 
Species*Fert*LeafTyp        2, 46.5      0.09         0.9177 2, 46.8       0.21       0.8094 
Site*Fert*LeafType            4, 46.3      0.60         0.6632 4, 46.8       0.63       0.6458 
Site*Spec*Fert*LeafT        4, 46.3      0.06         0.9937 4, 46.8       0.10       0.9823 
Defoliation                         1, 267     10.22         0.0016    
Year (Site*Spec*Fert*Leaf)    0.000433     0.000433 
Residual                                 0.000506 0.000506 
 
 
 
Table 5.7.  ANOVA source table of the fixed effects of phosphorous content of the all 
leaf types from 2003 at the healthiest site and the most degraded site. 
                      Effect                                    DF         F Value    Pr > F 
                      Site                                    1     130       45.17      <.0001 
                      Species                              1     130       25.95      <.0001 
                      Fert                                    2     130         5.19      0.0068 
                      LeafType                           2     130       91.51      <.0001 
                      Site*Species                      1     130       16.65      <.0001 
                      Site*Fert                            2     130         0.00      0.9962 
                      Site*LeafType                   2     130         7.24      0.0010 
                      Species*Fert                      2     130         0.48      0.6181 
                      Species*LeafType             2     130     119.80     <.0001 
                      Fert*LeafType                   4     130         0.51     0.7272 
                      Site*Species*Fert              2     130         1.29     0.2786 
                      Site*Species*LeafTyp       2     130       17.23     <.0001 
                      Site*Fert*LeafType           4     130         1.22     0.3068 
                      Species*Fert*LeafTyp       4     130         1.04     0.3870 
                      Site*Spec*Fert*LeafT       4     130         0.48     0.7512 
                      Residual                              0.000399    
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Figure 5.11.  Foliar phosphorous (%) content of spring clipped leaves (white) and 
litterfall (patterned) cypress and tupelo trees 2002 and 2003 (Fisher’s LSD, α=0.05, 
n=126 for each clipped bar, n=36 for litterfall, ±1 s.e.). 
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Figure 5.12.  Foliar phosphorous content correlated with individual defoliation of cypress 
(top) and tupelo (tupelo) trees of clipped (left) and litterfall (right) in 2002 and 2003 (95% 
C.I.). 
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Figure 5.13.  Foliar phosphorous (%) content of spring clipped leaves (white) and 
litterfall (patterned) cypress and tupelo trees 2002 and 2003 (Fisher’s LSD, 
α=0.05,n=126 for each clipped bar, n=36 for litterfall, ±1 s.e.). 
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Figure 5.14.  Foliar phosphorous content (%) of 2003 in response to fertilization in frass, 
clipped leaves, and leaf fall (Fisher’s LSD, α=0.05, ±1 s.e.). 
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Figure 5.15.  Foliar phosphorous (%) content from 2003 cypress (top) and tupelo 
(bottom) trees of three leaftypes at the healthiest site (left) and the most degraded site 
(right) (Fishers LSD, α=0.05, n on each bar, ±1 s.e.). 
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5.5  Discussion 
Fertilizer applications increased foliar nitrogen levels across all habitat types, 
both species, and leaf types suggesting that the Lake Maurepas swamp is nitrogen 
limited in a wide array of habitat types.   This means that if these swamps are nutrient 
enhanced (via a diversion), both predominant tree species have the capacity to store 
more organic nitrogen in the form of litter, with the N loading rate capacity between of 
8000-16000 cfs diversion rate.  Fertilizer applications increased phosphorous content in 
frass and clipped leaves, but not in fallen leaves, which is a result either of a lower 
nutrient dosage or phosphorous levels may not be as limiting as nitrogen or more 
efficient at reabsorbing phosphorous.  Further, a positive correlation between nitrogen 
and phosphorous levels in clipped leaves and forest density / health further supports the 
hypothesis that nitrogen is a limiting factor in this system.   
Nitrogen and phosphorous were higher in cypress litterfall than tupelo litterfall, 
suggesting that cypress might be a better nutrient sink than tupelo and also a better 
source of organic nutrients for aquatic food webs and other nutrient-cycling ecosystem 
processes, depending on overall biomass and decomposition rates in the fall and 
winter.  Nitrogen content in tupelo frass was higher than in cypress frass, which could 
result in this being an important source of nitrogen input during the spring.  However, 
both must be taken with consideration of total biomass.  If BCLR frass from cypress has 
a larger quantity of frass, as suggested in Chapter 4, total nitrogen loading could be 
higher.  Interestingly, defoliation was positively correlated to the nitrogen and 
phosphorous content in litterfall, suggesting that defoliators not only increase organic 
nitrogen loading rates in the spring, but could be causing changes in foliar chemistry 
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that direct a higher nitrogen storage in the litterfall, as opposed to utilizing resources for 
other storage organs and biochemical pathways (reproductive structures, roots, wood, 
defensive compounds, photosynthetic rates, etc.,).  Furthermore, defoliation explained 
more of the variation in nitrogen than phosphorous because of the higher F-values for 
nitrogen.  Nitrate loading from frass production did not increase in response to nutrient 
enhancement, further supporting the hypothesis that trees in this system are still 
capable of serving as a nutrient sink, and could be incorporated in another nutrient-sink 
modeling component.  In other swamps, nutrient levels in clipped leaves for cypress 
were 1.43% for nitrogen, and 0.10- 0.17% for phosphorous (Schlesinger 1978, Bandle 
and Day 1985).  The increased nutrient levels found in the canopy foliage suggest that 
defoliator populations could potentially be increased, either through increased pupal 
weights and/or increased growth rates, especially for the forest tent caterpillar.   
By ascertaining the path of nutrient uptake into leaf tissue and frass (by 
products), this study has provided results explaining nutrient dynamics not previously 
addressed for forested wetlands.  Furthermore, this information can be applied next to 
the ecosystem as a whole to determine the variation of nutrient loading rates based on 
forest density, tree species composition, and defoliation rates e.g. system models.  
Scientists studying wetland restoration, especially in the Lake Maurepas and 
Pontchartrain Basins, will be able to use this information for water quality, fisheries, 
migratory birds, and other wildlife in coastal Louisiana and in other wetland ecosystems, 
and will be able to more accurately predict and assess forested wetland processes 
affected by variation in nutrients and, often, concurrent insect herbivory.   
 
CHAPTER 6 
SUMMARY OF TREE AND INSECT RESPONSES TO  
WETLAND ENVIRONMENTAL STRESSORS  
 
6.1  Baldcypress and Tupelo Responses 
Forested wetlands are a valuable natural resource that stimulate and sustain 
both economic productivity and ecological functioning on local as well as a global scale.  
However, these valuable wetlands are disappearing at an alarming rate.   Worldwide, 
forested wetlands are being lost, much loss occurring in Louisiana, due mainly to 
altered natural hydrology.  Baldcypress (Taxodium distichum (L.) Rich.) and water 
tupelo (Nyssa aquatica L.) are the two dominant tree species in forested wetlands in the 
southern United States.  The major environmental stress factors that decrease 
baldcypress and tupelo productivity in coastal Louisiana swamps are altered natural 
hydrology (prolonged flooding, saltwater intrusion, and nutrient deficiency) and insect 
defoliation.  The most aggressive restorative actions in Louisiana include reintroductions 
of the Mississippi River (diversions to simulate historical hydrologic patterns) into 
declining swamps and marshes as well as plantings of forested wetland tree seedlings.  
Hydrological restorations into declining wetlands have resulted in land gained and/or 
increased primary and secondary productivity.  Furthermore, diversion projects in 
Louisiana have been supported and encouraged by the public and scientific 
communities, but have been met with hostility and financial burdens because of the lack 
of solid scientific backing or displacement of fishing resources.  Importantly, prior to this 
research, the interactions of all of these stressors simultaneously on the two dominant 
wetland tree species had not been addressed.  Also, the restoration potential of these 
 184 
species under diversion scenarios after being subjected to prolonged exposure to these 
stresses had not been addressed.    
Even though these two tree species coexist and essentially perform similar 
ecological functions in swamps, they obviously incur different energetic costs and 
possess pathways for managing the same stress as well as their multiple combinations.  
This study ascertained that defoliation reduced sapling productivity, with the largest 
differences observed between defoliated and nondefoliated tupelo saplings in the fresh, 
nutrient-enhanced environments.  Defoliation of baldcypress, while under fresh water 
situations, resulted in height growth similar to that experienced in the salt stress 
treatments.  Overall, salt stress and nutrient deprivation were more important in 
determining productivity than early season defoliation.  In the swamps of Lake 
Maurepas, only tupelo showed decreases in basal area growth with respect to 
defoliation.   
One of the leading causes for decline of freshwater wetland plants as salt water 
encroaches into marshes and swamps is not merely the presence of salt, but the 
production of harmful sulfides created by soil reduction processes in an anaerobic 
environment.  However, change in metabolic processes of the plant cannot be ignored 
as a saline environment becomes flooded.  The ability to exclude Na+ and Cl- from 
shoot tissues may be one of the most important criteria for determining salt tolerance in 
baldcypress.  The mechanisms of ion avoidance begin at the root-soil interface by 
exclusion of ion uptake at the root plasmalemma and tonoplasts of the cortex.  Once 
salt ions pass this barrier, they can be transported into xylem and/or translocated by the 
phloem and compartmentalized into cell vacuoles and/or older leaves followed by 
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abscission of those leaves.  In remaining tissue, K+ and organic solutes (mostly 
nitrogenous) accumulate in the cytoplasm to balance the osmotic pressure of the ions.  
Salt exclusion processes and loss of valuable photosynthetic materials are energetically 
demanding.  In the presence of flooding, ATP generation is low and these salt exclusion 
processes cannot operate at full potential. 
These salt avoidance concepts in tupelo and cypress are supported by the 
biomass and foliar nitrogen results in this study.  Sapling response demonstrated that 
nutrient enhancement increased salt tolerance (by increased biomass) when trees were 
not flooded.  The highest productivity of the salted treatments for both species was in 
the fertilized, nonflooded environment, while the unfertilized saplings in the nonflooded 
environment had considerably lower productivity.  The fact that nutrient enhancement 
conveyed salt tolerance while not flooded indicates that the machinery to drive ion 
avoidance is energetically demanding, and when flooded, ATP production may be too 
low, and tolerance is therefore lowered.  Although tupelo appeared to express some of 
this nutrient-augmented salt tolerance in a nonflooded environment, cypress by far was 
more productive in this setting.  Furthermore, foliar nitrogen levels were higher in the 
salted treatments supporting the hypothesis that nitrogenous organic solutes 
accumulated in the cytoplasm to balance the osmotic pressure of the salt ions in leaf 
cell vacuoles.   
This study also has demonstrated that resources, including plant defenses, are 
being prioritized under the various stress situations.  In both fresh, nutrient enhanced 
environments and fresh, nonflooded environments, resources were allocated to plant 
growth and biomass.  Under fresh, nutrient-depleted environments or flooded 
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environments, more resources were being allocated to plant defenses than in the 
optimal environment.  Salt stress was apparently severe enough to hinder resources 
acquisition or to prevent defensive compound production.    
However, both tree species demonstrated the ability to utilize additional nutrients 
while flooded.  Here, nutrient inputs resulted in increased growth and productivity and 
compensated for flooding stress in freshwater environments.  Under diversion 
conditions (flooded, nutrient-enriched) and all fresh flooded conditions, tupelo growth, 
however, was higher than baldcypress.  Presumably, this is due to the ability of tupelo 
to more effectively transport atmospheric O2 to the roots and rhizosphere for metabolic 
processes than baldcypress.  Also, for both species, the combination of nutrient 
deprivation and flooding lead to “poor” sapling growth, which was similar to growth in 
the salt-stressed saplings.  This finding is important, because it implies that nutrient 
limitation is as important as salt stress at levels of 3 ppt.  The need for river diversions, 
purely for a nutritive value, is essential for tree sustainability in flooded, nutrient-limited 
swamps.  This is important to point out, because if diversions do not increase swamp 
elevation, the nutrients alone can be helpful to tree survival in many nutrient-limited 
swamps in coastal Louisiana. 
The diversion simulations conducted on greenhouse saplings support the 
findings that both baldcypress and tupelo will readily grow after being subjected to 
prolonged stress.  Saplings that survived, salt stress, prolonged flooding, and two years 
of defoliation grew as much as seedlings that had not been stressed when returned to 
fresh, nutrient-rich conditions.  However, growth following nutrient-deprivation was still 
reduced.  Further, for both trees species in Lake Maurepas swamps, basal area growth 
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increased significantly with only three years of fertilizer application into these nutrient-
limited swamps.  This further supports the utility of diversions for improving the health of 
declining Louisiana swamps. 
6.2  Forest Tent Caterpillar and Baldcypress Leafroller Responses 
The forest tent caterpillar (FTC) (Malacosoma disstria Hubner) was far more 
sensitive to environmental variation in the host tree than was the baldcypress leafroller 
(Archips goyerana Kruse).  Therefore, population dynamics of the FTC are more likely 
to be affected by foliar responses of tupelo trees in the swamp in different 
environmental settings.   In a fresh, flooded, nutrient-deprived environment, the FTC 
had a longer development time than in all other environmental scenarios, and had a 
higher consumptive index than in nutrient-rich environments.  This indicates that a 
greater amount of defoliation per insect is likely to occur on tupelo trees in flooded, 
nutrient-limited swamps than in nutrient rich environments.  Diversions into the swamps 
that are nutrient-limited are more likely to see increases in FTC populations.  This was 
supported by the shorter development time, higher female pupal weights, and efficiency 
of converting resources to caterpillar weight in the nutrient-rich environments than in the 
nutrient-limited environments.  If a swamp were to receive a diversion and be converted 
to higher nutrient system, a larger FTC population size could potentially be maintained 
on the same amount of foliage.  These findings are further supported by the observed 
increase in nitrogen levels in foliage that were seen in the field when fertilizer was 
applied.  Insect responses to nutrient enhancement, coupled with reduced parasitism 
pressure due to flooding of overwintering sites of parasitoids, may lead to further 
increases in populations of the FTC.   
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An interesting difference in FTC performance was noticed between the two 
stressed environments as well (the flooded, nutrient-deprived environment and the 
salted environment).  The FTC had a shorter development time in the salted 
environment, while pupal weight between these two stressed environments was similar. 
This suggests that populations in the salted environment may be affected more by 
natural mortality agents than in the nutrient limited environment.  If natural mortality 
agents are similar in both environments, it is probable that populations may be slightly 
more successful in salinated than in flooded, nutrient deprived environments.    
For the baldcypress leafroller (BCLR), no differences in female pupal weights 
were found with respect to the salinity, hydrology, or fertility of host environment.  
However, development time and growth rate were shorter in the nutrient-rich 
environment when compared to the nutrient-poor environment.  As a result, increased 
nutrients associated with a diversion could lead to a shorter exposure to natural 
population control agents.   
Overall, this research has defined influential parameters that could be 
incorporated into models for population dynamics for defoliation events in Louisiana 
forested wetlands.  Response differences and similarities between these two insect 
herbivores to multiple abiotic stressors affecting ecosystem health were ascertained.  
Also, with this information, relative projections of the effects of a nutrient influx into a 
forested wetland system can be made for future defoliator population levels of both 
insect species.   
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6.3  Swamp Ecosystem Processes 
In the Lake Maurepas swamps, nutrient augmentation to baldcypress and tupelo 
trees increased foliar nitrogen in insect frass, spring-clipped leaves, and in abscised 
litterfall.   Further, this finding occurred across all habitat types for both tree species.  
The increased basal area growth of both tree species with fertilizer application further 
supports the hypothesis that moderately stressed areas surrounding Lake Maurepas 
should benefit the most from nutrient enhancement resulting from a diversion.  Even in 
the most sparsely forested/degraded swamp, growth of cypress trees should increase.  
However, the tupelo trees that have severely degraded canopies are not likely to grow 
in response to nutrient influxes.  Further, this study ascertained that defoliation is more 
likely to affect basal area growth of tupelo than cypress, and that nutrient augmentation, 
if high enough, may compensate for defoliation losses to basal area growth for both 
species.  This suggests that the Lake Maurepas swamp is nutrient limited, and if these 
swamps are nutrient enhanced (via a diversion), both predominant tree species have 
the capacity to store more organic nitrogen in the form of litter and wood production. 
Cypress litterfall was higher in nitrogen and phosphorous than tupelo, suggesting 
that cypress might be a better nutrient sink than tupelo. Further, cypress may be a 
better source of organic nutrients for aquatic food webs and other nutrient-cycling 
ecosystem processes.  In addition, overall leaf biomass of cypress was higher than 
tupelo, further supporting the relative contribution of cypress to nutrient cycling 
processes.  Nutrient content in tupelo frass was higher than in cypress frass, indicating 
that FTC defoliation of tupelo can be an important source of nutrient inputs during the 
spring.  However, frass biomass resulting from BCLR defoliation of cypress is still higher 
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than tupelo.  This means that total nitrogen loading from defoliation of cypress could still 
be higher than tupelo to the ecosystem as a whole.   
Although traditional studies often address defoliators as pests, recent studies 
indicate that arthropods affect forest ecosystems in complex ways.  For forested 
wetlands in Louisiana, defoliation was positively correlated to the nutrient content of 
litterfall.  This suggests that defoliators not only increase organic nitrogen loading rates 
in the spring, but could be increasing nitrogen storage in the abscised leaves in the fall.  
Nitrate loading from frass production did not increase in response to nutrient 
enhancement, further supporting the hypothesis that trees in this system are still 
capable of serving as nutrient sinks.  Interestingly, defoliation also increased the amount 
of litter reaching the forest floor, especially for cypress.  Thus, individual cypress trees 
contribute more to the detrital production than tupelo trees, further suggesting that this 
species may be more influential in the nutrient cycling processes.   
By ascertaining the pathway of nutrient uptake into leaf tissue, and further, frass, 
this study has provided results explaining nutrient dynamics not previously addressed in 
forested wetlands.  Furthermore, this information can next be applied to the ecosystem 
as a whole to determine the variation of nutrient loading rates based on forest density, 
tree species composition, and defoliation rates in system models.  Scientists studying 
wetland restoration, especially in the Lake Maurepas and Pontchartrain Basins, will be 
able to use this information for water quality, fisheries, migratory birds, and other wildlife 
in coastal Louisiana and in other wetland ecosystems. 
Flooded, nutrient deficient swamps and salt-stressed swamps are extremely 
common in Louisiana’s forested wetlands and are one of the leading causes of decline.  
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Restoration of riverine inputs into swamps and marshes are essential for maintaining 
forested wetland health.  Based on the greenhouse and field diversion simulation 
experiments reported here, it is likely that existing stressed swamplands have the 
potential to recover given an input of fresh, nutrient-rich water.    
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APPENDIX A:  BALDCYPRESS MOTH OVIPOSITION EXPERIMENT 
  
A-1  Methods 
After leaf samples were taken in May of 2002, a moth oviposition study was 
conducted using the defoliated seedlings to determine adults had an oviposition 
preference to variable environmentally stressed hosts.  The seedlings that received the 
flooded-aerated were not tested.  Oviposition preference study was first tested on 
baldcypress seedlings were tested first on May 11, 2002.  Replicate defoliated cypress 
seedlings from each tank were removed and placed in 5 gallon buckets with their proper 
salinity.  Then, they were positioned at random in a 4x4 grid each to one of the two 
3.66-meter tall mesh cages (1.83m x 1.83m floor dimension) the day before moths were 
released.   
Leafroller pupae were collected from southern Lake Maurepas May 5. Were 
placed in pupae groups of 50 and were placed in one of nine diet cups and placed on 
the bottom of two aluminum-screen cages 60cm x 30cm.  The cage was then placed in 
a Percival® incubator and moths were allowed to emerge. Every other day for two 
weeks nonemerged pupae in the diet cups were removed and placed in an identical 
cage and put back into the incubator.  Emerged moths remaining in the two screened 
cages were transported to the greenhouse at dusk when the lid was opened in the 
center of each mesh cage prepared for the oviposition study.  After two weeks, egg 
masses and number of branches (potential measure for the number of oviposition sites) 
were counted, and seedlings were placed back into their original tanks.  On May 26th, 
the same procedures were followed for tupelo and the forest tent caterpillar.  However, 
due high infection rates of Brachonid and Sarcophagid parisitoids in the forest tent 
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caterpillar pupae, analyses could not be conducted, and therefore results are discussed 
only for the baldcypress leafroller.   Note:  I made the assumption that the brief period of 
time the seedlings were used in the moth oviposition study did not affect annual 
seedling growth or leaf chemical composition in the following year.     
A-2  Statistical Analysis 
To remove the bias of a higher number of ovipositing females in one of the cages 
(16 vs 23), the dependent variable was percent egg masses per seedling per cage.  An 
analysis of covariance was conducted on as a CRD with a 2x2x2 factorial arrangement 
with 2 fertility levels, 2 salinity, and 2 hydrology levels.  Sapling height was used as a 
covariable.  Furthermore, simple linear regressions were conducted with moth 
oviposition against foliar N, total phenolics, and sapling height.   
A-3  Results 
No significant difference was found for moth oviposition preference with regard to 
salinity, fertility, hydrologic regime, foliar nitrogen, or total foliar phenolics (Catechin 
Reagent Equivalents %).  However, the number of egg masses was positively 
correlated with sapling height (F1,30=7.46, p=0.011, Figure A.1). 
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Figure A-1.  Percent of baldcypress leafroller egg masses per cage ovipositing on a 
particular tree (n=16 trees per cage).  
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Table A-1.  Raw data of the baldcypress leafroller moth oviposition study (CRE% = 
Catechin Reagent Equivalent).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cage 
No. 
Tree 
No. Hydrology 
Salinity 
(ppt) Fertilizer 
Stem 
No.  
Egg Mass 
No. 
Sapling 
Height 
(cm) CRE(%) 
1 8 High 3 No 34 2 171 5.0072 
1 16 Low 0 Yes 34 2 256 2.8218 
1 17 High 3 Yes 15 0 148 3.0472 
1 26 Low 3 No 27 1 175 1.6889 
1 39 Low 3 Yes 21 1 160 1.9533 
1 56 High 0 No 27 1 140 3.5513 
1 57 Low 0 No 28 0 196 2.844 
1 78 Low 0 Yes 19 0 165 1.8141 
1 91 Low 0 No 29 1 168 . 
1 101 High 0 Yes 20 1 155 . 
1 105 Low 3 No 29 0 137 4.7584 
1 113 Low 3 Yes 18 4 162 1.1124 
1 142 High 3 No 20 2 120 7.1484 
1 153 Low 3 Yes 11 1 148 5.2191 
1 174 High 0 No 36 0 136 10.5152 
1 179 High 0 Yes 10 0 187 4.1727 
2 9 Low 0 Yes 27 1 205 2.509 
2 18 High 3 Yes 30 0 178 3.0017 
2 30 Low 3 No 14 1 201 1.4026 
2 35 Low 3 Yes 20 1 190 3.6203 
2 43 High 3 No 13 0 175 7.1841 
2 53 High 0 No 38 1 141 5.269 
2 64 Low 0 No 40 0 169 2.071 
2 74 Low 0 Yes 37 7 279 1.5617 
2 94 Low 0 No 29 1 153 1.9052 
2 104 High 0 Yes 36 2 198 2.381 
2 112 Low 3 No 34 3 162 6.2559 
2 114 Low 3 Yes 27 3 222 4.3576 
2 139 High 3 No 32 1 155 3.4374 
2 160 High 3 Yes 15 0 136 4.4139 
2 170 High 0 No 31 2 151 9.4491 
2 183 High 0 Yes 13 0 195 3.3471 
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APPENDIX B: PRELIMINARY STUDIES 
 
In a small pilot study in 2000, we examined the effects multiple stresses on 
baldcypress and tupelo seedlings in factorial arrangement.  The treatments applied to 
the seedlings were salinity (0, 2, 4 for tupelo; 0, 3, 6 for baldcypress), simulated 
herbivory (none or 100% defoliation), flooding (10 cm or at soil surface), and nutrient 
augmentation (fertilized or not fertilized).  Herbivory and increased salinity suppressed 
seedling growth, and flooding and fertility alone yielded no difference in growth.  A third 
order interaction, however, showed multiplicative suppression of growth when fertilizer 
and a high salt level were present under a flooded regime.   Herbivory did not interact 
with the multiple water quality factors in the first year, but could likely become so in 
second-year data.   
In a second pilot study in the spring of 2000, tupelo trees were subjected to 
nutrient manipulation at five sites ranging from sparsely forested to densely forested 
stands with different hydrological regimes in the southern Lake Maurepas Basin.  At 
each site, six of twelve trees were selected and fertilized at N-P-K loading rates 
equivalent to that of a Mississippi River diversion at 8000 cfs (Lane et al. 1999).  Our 
study was designed to determine if nutrient augmentation altered productivity in these 
different swamp settings.  Preliminary data showed that leaf biomass increased 
significantly with nutrient augmentation in some of the settings.  This implies that tupelo 
trees may serve as sinks for additional nutrient influxes planned for this area, thus 
ameliorating water quality degradation.   
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APPENDIX C: RAW DATA AND SOURCE TABLES OF GREENHOUSE 
EXPERIMENTS 
 
Table A-1.  Raw data of sapling height increase (cm), diameter increase (mm), foliar 
nitrogen content (%N), catechin reagent equivalent (%CRE) for the greenhouse study 
2002 (4 pages).  
TANK CASE HYDRO SALT FERT SPEC HERB height diameter Nitrogen% CRE% 
1 1 A 3 N T N 0 0 2.62 1.397
1 2 A 3 N T Y 0 1.1 2.33 3.150
1 3 A 3 N T N 0 3.3 1.77 5.383
1 4 A 3 N C N 0 0.5 . .
1 5 A 3 N C Y 0 0.2 . .
1 6 A 3 N C N 24 8.8 2.03 2.816
1 7 A 3 N T Y 0 0 . .
1 8 A 3 N C Y 11 6.5 1.97 5.007
2 9 L 0 F C Y 44 17.3 3.72 2.509
2 10 L 0 F T N 173 39.1 2.54 5.397
2 11 L 0 F T Y 61 23.1 2.67 6.831
2 12 L 0 F T N 136 37.6 2.29 2.628
2 13 L 0 F C N 62 9 3.02 2.418
2 14 L 0 F C N 94 13.7 2.99 2.569
2 15 L 0 F T Y 168 65.1 2.83 2.549
2 16 L 0 F C Y 72 7.3 3.33 2.822
3 17 H 3 F C Y 18 5.3 3.51 3.047
3 18 H 3 F C Y 20 15.5 3.48 3.002
3 19 H 3 F T N 1 3 3.34 1.001
3 20 H 3 F T Y 20 2.6 3.32 1.140
3 21 H 3 F T N 45 8.2 1.81 6.852
3 22 H 3 F C N 0 0 . .
3 23 H 3 F C N 53 14.3 2.52 4.366
3 24 H 3 F T Y 5 10.1 2.44 2.226
4 25 L 3 N T N 75 4.6 2.05 3.106
4 26 L 3 N C Y 43 26.2 4.05 1.689
4 27 L 3 N C N 51 25.5 2.51 4.975
4 28 L 3 N T N 78 8.4 2.3 2.999
4 29 L 3 N C N 32 17.3 3.08 3.448
4 30 L 3 N C Y 63 28.5 3.76 1.403
4 31 L 3 N T Y 45 9.7 2.74 1.973
4 32 L 3 N T Y 65 10.2 2.18 4.427
5 33 L 3 F T Y 34 3.3 3.13 0.930
5 34 L 3 F T N 0 2 2.64 3.631
5 35 L 3 F C Y 37 12.5 3.34 3.620
5 36 L 3 F C N 58 29.2 2.62 4.732
5 37 L 3 F T N 71 14.8 2.4 5.586
5 38 L 3 F C N 35 10.2 3.02 2.956
5 39 L 3 F C Y 36 37.2 4.29 1.953
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5 40 L 3 F T Y 38 4.3 3.25 2.379
6 41 H 3 N C N 12 6.3 . 1.370
6 42 H 3 N T Y 0 0 1.75 6.804
6 43 H 3 N C Y 15 2.1 2.87 4.839
6 44 H 3 N T N 1 1.3 1.63 7.184
6 45 H 3 N T N 0 1.8 . .
6 46 H 3 N C Y 0 0.3 1.75 3.130
6 47 H 3 N C N 7 2.5 . .
6 48 H 3 N T Y 0 0 2.18 5.695
7 49 H 0 N T N 29 6.1 . .
7 50 H 0 N T Y 68 4.4 1.36 7.919
7 51 H 0 N T N 23 11.1 1.8 10.582
7 52 H 0 N C N 32 12.8 1.58 9.110
7 53 H 0 N C Y 0 0 1.79 7.213
7 54 H 0 N C N 14 12.5 2.17 5.269
7 55 H 0 N T Y 29 4 2.58 3.624
7 56 H 0 N C Y 13 1.3 2.09 3.843
8 57 L 0 N C Y 3 0.3 2.38 3.551
8 58 L 0 N T N 45 5.4 . 7.709
8 59 L 0 N T Y 50 5.1 1.95 2.844
8 60 L 0 N T N 62 8.2 1.42 0.703
8 61 L 0 N C N 24 7.7 1.69 4.852
8 62 L 0 N C N 41 6.2 1.28 8.734
8 63 L 0 N T Y 46 1.8 1.4 5.174
8 64 L 0 N C Y 17 2 1.5 6.056
9 65 A 0 N C Y 23 3 1.91 6.239
9 66 A 0 N C Y 26 3.9 2.01 2.071
9 67 A 0 N T N 68 12 1.72 6.173
9 68 A 0 N T Y 27 6.8 . .
9 69 A 0 N T N 11 8.8 1.51 8.021
9 70 A 0 N C N 12 3 1.86 6.980
9 71 A 0 N C N 14 0 1.44 9.444
9 72 A 0 N T Y 33 7.9 2.36 4.345
10 73 L 0 F T N 139 22.8 1.55 9.132
10 74 L 0 F C Y 104 17.7 1.62 4.773
10 75 L 0 F C N 100 15.3 2.55 6.325
10 76 L 0 F T N 107 39.3 3.08 1.562
10 77 L 0 F C N 89 8.8 3.34 2.480
10 78 L 0 F C Y 37 5 2.66 7.889
10 79 L 0 F T Y 56 22.8 2.99 3.114
10 80 L 0 F T Y 51 11.4 3.88 1.814
11 81 A 3 F T Y 0 1.2 2.79 7.358
11 82 A 3 F T N 0 2 3.28 3.965
11 83 A 3 F C Y 21 6.2 3.02 5.393
11 84 A 3 F C N 0 0.4 2.48 5.099
11 85 A 3 F T N 4 0 . .
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11 86 A 3 F C N 44 14.4 4.11 2.514
11 87 A 3 F C Y 17 0.4 . .
11 88 A 3 F T Y 0 8.9 2.91 3.309
12 89 L 0 N C N 13 5.7 . .
12 90 L 0 N T Y 50 4.6 4.97 4.150
12 91 L 0 N C Y 23 4.9 0.853 6.848
12 92 L 0 N T N 57 6.9 1.98 3.047
12 93 L 0 N T N 37 6.8 . .
12 94 L 0 N C Y 22 3.4 1.45 7.349
12 95 L 0 N C N 16 5.7 1.24 7.636
12 96 L 0 N T Y 56 1.9 2.25 1.905
13 97 H 0 F T N 69 17.9 1.26 5.827
13 98 H 0 F T Y 51 12.6 1.73 5.013
13 99 H 0 F T N 130 40.8 2.86 5.181
13 100 H 0 F C N 54 42.8 3.33 4.012
13 101 H 0 F C Y 21 9.5 2.83 3.655
13 102 H 0 F C N 91 25.9 1.98 5.973
13 103 H 0 F T Y 92 6 . .
13 104 H 0 F C Y 50 27.4 2.35 4.847
14 105 L 3 N C Y 7 2.6 3.18 3.881
14 106 L 3 N T N 2 0.3 1.56 2.381
14 107 L 3 N T Y 18 3 3.26 4.758
14 108 L 3 N T N 56 8.2 1.9 8.001
14 109 L 3 N C N -2 1.5 4.31 5.620
14 110 L 3 N C N 21 3.8 1.77 6.609
14 111 L 3 N T Y 32 3.3 2.29 3.796
14 112 L 3 N C Y 16 2.8 1.4 8.257
15 113 L 3 F C Y 22 7.4 1.92 4.384
15 114 L 3 F C Y 30 5.1 1.57 6.256
15 115 L 3 F T N 62 13.7 . 3.055
15 116 L 3 F T Y 29 18 4.16 1.112
15 117 L 3 F T N 79 7.9 3.29 4.358
15 118 L 3 F C N 60 19.3 2.24 7.617
15 119 L 3 F C N 16 10.8 3.19 3.465
15 120 L 3 F T Y 0 0.1 2.76 3.913
16 121 A 3 N T N 0 0.2 2.63 6.483
16 122 A 3 N C Y 0 0 2.74 2.372
16 123 A 3 N C N 0 0.2 3.6 1.541
16 124 A 3 N T N 0 0.6 . .
16 125 A 3 N C N 19 3.6 . 1.172
16 126 A 3 N C Y 12 5.8 . 1.869
16 127 A 3 N T Y 10 1.2 1.21 5.057
16 128 A 3 N T Y 16 0 . .
17 129 A 0 F T Y 56 7.1 2.27 3.441
17 130 A 0 F T N 64 18.7 2.38 7.281
17 131 A 0 F C Y 4 2.9 3.94 7.153
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17 132 A 0 F C N 12 . 3.008
17 133 A 0 F T N 49 3.41 6.589
17 134 A 0 F C N 37 14.8 8.785
17 135 A 0 F C Y 31 13.2 2.76 
17 136 A 0 F T Y 60 9.7 2.12 4.522
18 137 H 3 N C N 9 2.6 2.43 6.778
138 H 3 N T Y 0 0.8 2.45 4.021
18 H 3 N C Y 5 0.2 2.99 4.849
18 140 3 N T N 0 2.7 2.9 7.677
18 141 H N T N 0 0.8 2.37 4.054
18 142 H 3 C Y 0 1.2 2.3 9.279
18 143 H 3 N N 10 3 2.72 3.437
18 144 H 3 N T 
42 
11.8 
2.2 
6.414
18 
139 
H 
3 
N 
C 
Y 0 0 2.38 3.954
19 145 A 3 F T N 0 . .
19 146 A 3 F T Y 0 1.9 7.148
19 147 A 3 F T 0 0.7 2.31 4.856
19 148 A 3 F N 0 0 . .
19 149 A 3 C Y 12 2.1 2.66 4.792
19 150 A F C N 51 0 . .
19 151 3 F T Y 1 6.5 . .
19 A 3 F C Y 0 0 . .
153 H 3 F C Y 16 4.7 4.66 1.283
20 154 H 3 F T N 0 0 3.92 
20 155 H 3 F T Y 0 1.9 4.332
20 156 H 3 F T N 0 3.87 1.242
20 157 H 3 F C N 0 2.88 5.219
20 158 H 3 F C 0 0.1 . 5.481
20 159 H 3 F Y 1 3.6 3.81 4.496
20 160 H 3 C Y 3 3.8 3.84 3.383
21 161 A F C Y 10 10.4 . 0.758
21 162 0 F C Y 3 0 . .
21 A 0 F T N 112 24.6 . .
164 A 0 F T Y 119 18.7 3.37 4.414
21 165 A 0 F T N 107 18.1 . 
21 166 A 0 F C N 53 13.4 3.285
21 167 A 0 F C N 40 2.18 4.362
21 168 A 0 F T Y 22.7 3.01 4.232
22 169 H 0 N T 24 10 2.38 5.349
22 170 H 0 N Y 7 1.1 2.41 3.823
22 171 H 0 C N 24 7.1 2.68 4.912
22 172 H N T N 49 
5.9 
0 
N 
C 
F 
3 
A 
152 
20 
3.139
3.19 
2.8 
0 
N 
T 
F 
0 
A 
163 
21 
.
3.7 
13.7 
91 
N 
C 
N 
0 9 2.48 7.210
22 173 H 0 N C N 6 8.1 1.48 6.174
22 174 H 0 N C Y 0 1.5 1.72 9.449
22 175 0 N T Y 21 0.9 1.88 6.068
22 176 H 0 N T Y 26 3.8 2.07 5.222
23 177 H 0 F T Y 76 10.1 2.21 5.047
H 
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23 178 H 0 F T N 79 35.4 1.57 10.515
23 179 H 0 F C Y 26 3.7 1.54 6.959
23 180 H 0 F C N 29 13.4 1.85 7.206
23 181 H 0 F T N 88 14.2 3.74 2.653
23 182 H 0 F C N 38 16.1 2.31 4.985
23 183 H 0 F C Y 34 0 3.4 4.173
23 184 H 0 F T Y 55 24.3 2.28 5.718
24 185 A 0 N C N 7 6.5 2.3 4.916
24 186 A 0 N T Y 65 4.5 2.27 3.835
24 187 A 0 N C Y 4 0 3.16 3.347
24 188 A 0 N T N 26 6.6 3.02 8.977
24 189 A 0 N T N 34 7.6 1.98 7.503
24 190 A 0 N C Y 23 2.3 2.75 6.105
24 191 A 0 N C N 0 0.2 2 5.782
24 192 A 0 N T Y 45 4.1 2.34 6.180
 217 
Table C-3.  Source table of the height increase of Type 3 tests of fixed effects 
split-plot arrangement (growth response 2002) with the mean square error for the main 
plot and subplot.  For all effects, F and p values and numerator and denominator 
degrees of freedom are presented (one outlier removed).   
                             
Effect               Num       Den  F Value     Pr > F 
                               DF          DF       
Main plot        
 
HYDRO                        2     12.1      14.89     0.0006 
SALT                          1     12.1      49.32     <.0001 
FERT                         1  12.1      25.52     0.0003 
HYDRO*SALT                   2     12.1        0.72     0.5055 
HYDRO*FERT                   2     12.1        0.44     0.6540 
SALT*FERT                    1     12.1      17.30     0.0013 
HYDRO*SALT*FERT             2     12.1        0.84     0.4572 
TANK(HYDR*SALT*FERT)      MSE 75.9399 
 
Sub plot 
 
SPEC                         1      131      37.49     <.0001 
HERB                         1      131      17.70     <.0001 
HERB*SPEC                    1      131        0.20     0.6525 
HYDRO*SPEC                   2      131        0.59     0.5556 
FERT*SPEC                    1     131        0.17     0.6781 
SALT*SPEC                    1      131      51.07     <.0001 
HYDRO*FERT*SPEC             2      131        1.98     0.1423 
HYDRO*SALT*SPEC             2      131        4.31     0.0154 
SALT*FERT*SPEC              1      131        4.62     0.0333 
HYDRO*SALT*FERT*SPEC        2      131        1.30     0.2755 
HYDRO*HERB                   2      131        4.18     0.0174 
FERT*HERB                    1      131      15.58     0.0001 
SALT*HERB                    1      131        3.88     0.0510 
HYDRO*FERT*HERB             2      131        2.18     0.1175 
HYDRO*SALT*HERB             2      131        0.91     0.4044 
SALT*FERT*HERB              1      131        5.69     0.0185 
HYDRO*SALT*FERT*HERB        2      131        0.26     0.7749 
HYDRO*HERB*SPEC             2      131        4.58     0.0120 
FERT*HERB*SPEC              1      131        1.31     0.2542 
SALT*HERB*SPEC              1      131        0.01     0.9313 
HYDRO*FERT*HERB*SPEC        2      131        2.20     0.1152 
HYDRO*SALT*HERB*SPEC        2      131        0.28     0.7556 
SALT*FERT*HERB*SPEC         1      131        0.69     0.4064 
HYD*SAL*FER*HER*SPEC        2      131        2.43     0.0916 
MSError    274.93 
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Table C-4.  Source table of the diameter increase (mm) of Type 3 tests of fixed effects 
split-plot arrangement (growth response 2002) with the mean square error for the main 
plot and subplot.  For all effects, F and p values and numerator and denominator 
degrees of freedom are presented (one outlier removed).   
                             
Effect               Num       Den  F Value     Pr > F 
                               DF          DF       
Main plot        
 
HYDRO                     2       12        5.16     0.0240 
SALT                          1       12        14.05    0.0028 
FERT                         1       12        22.72    0.0005 
HYDRO*SALT         2       12        2.50     0.1240                       
HYDRO*FERT                   2       12        0.65     0.5401 
SALT*FERT                    1       12        10.71    0.0066  
HYDRO*SALT*FERT             2       12        0.21     0.8096                      
TANK(HYDR*SALT*FERT)       8.3390 
                                        
Sub plot        
          
SPEC                         1     36.2        0.78    0.3820 
HERB                         1     36.2       13.08   0.0009 
HERB*SPEC                    1     36.2        0.31    0.5794                      
HYDRO*SPEC                   2     36.2        0.65    0.5267 
FERT*SPEC                    1     36.2        3.35    0.0755 
SALT*SPEC                    1     36.2       22.24   <.0001 
HYDRO*FERT*SPEC             2     36.2        0.99    0.3825 
HYDRO*SALT*SPEC             2     36.2        4.38    0.0197 
SALT*FERT*SPEC              1     36.2        2.34     0.1345 
HYDRO*SALT*FERT*SPEC        2     36.2        1.96     0.1557 
HYDRO*HERB                   2     36.2        1.35     0.2724 
FERT*HERB                    1     36.2        1.63     0.2102 
SALT*HERB                    1     36.2       12.90   0.0010                       
HYDRO*FERT*HERB             2     36.2       0.29     0.7533                       
HYDRO*SALT*HERB             2     36.2        1.55     0.2253 
SALT*FERT*HERB              1     36.2        1.81     0.1865 
HYDRO*SALT*FERT*HERB        2     36.2        0.87     0.4294                      
HYDRO*HERB*SPEC             2     36.2        0.94     0.4011                      
FERT*HERB*SPEC              1     36.2        0.30     0.5887 
SALT*HERB*SPEC              1     36.2       0.18     0.6703                       
HYDRO*FERT*HERB*SPEC        2     36.2        0.99     0.3820                      
HYDRO*SALT*HERB*SPEC        2     36.2        0.47     0.6301 
SALT*FERT*HERB*SPEC         1     36.2        0.34     0.5626                      
HYD*SAL*FER*HER*SPEC        2     36.2       0.64     0.5343 
Residual                   30.1214  
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Table C-5.  Mean diameter increase (mm) of two-year old greenhouse seedlings for all cross classified treatments with the 
freshwater treatments on the left and salted treatments (3 ppt) on the right (non-flooded treatments = low, flooded = high, 
and flooded-aerated = Air), n=4 per cell, ±1 s.e.). 
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           FRESH  SALT
Hydrology 
 
Low 
 
Low 
 
Air      Air
 
High 
 
High Low
 
Low 
 
Air 
 
Air High
 
High 
 
Fertilizer             Yes No Yes No Yes No Yes No Yes No Yes No
 
Cypress 
Foliated 
 
11.7 
±1.7 
 
6.3 
±0.5 
 
13.5 
±0.6 
 
2.4 
±1.5 
 
24.6 
±3.9 
 
 
10.1 
±1.5 
 
17.4 
±4.5 
 
12.0 
±5.7 
 
3.7 
±3.6 
 
 
3.2 
±1.7 
 
 
3.6 
±3.6 
 
 
3.6 
±0.9 
 
Cypress 
Defoliated 
 
11.8 
±3.3 
 
2.7 
±1.0 
 
6.6 
±3.1 
 
2.3 
±0.8 
 
10.2 
±6.7 
 
1.0 
±0.3 
 
15.6 
±7.4 
 
15.0 
±7.1 
 
2.2 
±1.4 
 
3.1 
±1.7 
 
7.3 
±2.7 
 
1.0 
±0.4 
 
Tupelo 
Foliated 
 
34.7 
±4.0 
 
6.8 
±0.6 
 
18.3 
±2.6 
 
8.8 
±1.2 
 
27.1 
±6.5 
 
9.1 
±1.1 
 
9.6 
±3.0 
 
5.4 
±1.9 
 
2.2 
±1.3 
 
 
1.0 
±0.7 
 
3.5 
±1.7 
 
1.7 
±0.4 
 
 
Tupelo 
Defoliated 
 
30.6 
±11.8 
 
3.4 
±0.9 
 
14.6 
±3.7 
 
5.8 
±0.9 
 
 
13.2 
±3.9 
 
 3.3 
±1.5 
 
6.4 
±4.0 
 
 
6.6 
±2.0 
 
 
4.2 
±2.1 
 
 
0.5 
±0.3 
 
4.5 
±1.9 
 
0.2 
±0.2 
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Table C-6.  Raw data of the baldcypress leafroller moth oviposition study (CRE% = 
Catechin Reagent Equivalent).  
 
Cage 
No. Tree No. Hydrology Salinity (ppt) Fertilizer Stem No. Egg Mass No. Height (cm)
Sapling 
 CRE(%) 
1 8 High 3 No 34 2 171 5.0072 
1 16 Low 0 Yes 34 2 256 2.8218 
1 17 High 3 Yes 15 0 148 3.0472 
1 26 Low 3 No 27 1 175 1.6889 
1 39 Low 3 Yes 21 1 160 1.9533 
1 56 High 0 No 27 1 140 3.5513 
1 57 Low 0 No 28 0 196 2.844 
1 78 Low 0 Yes 19 0 165 1.8141 
1 91 Low 0 No 29 1 168 . 
1 101 High 0 Yes 20 1 155 . 
1 105 Low 3 No 29 0 137 4.7584 
1 113 Low 3 Yes 18 4 162 1.1124 
1 142 High 3 No 20 2 120 7.1484 
1 153 Low 3 Yes 11 1 148 5.2191 
1 174 High 0 No 36 0 136 10.5152 
1 179 High 0 Yes 10 0 187 4.1727 
2 9 Low 0 Yes 27 1 205 2.509 
2 18 High 3 Yes 30 0 178 3.0017 
2 30 Low 3 No 14 1 201 1.4026 
2 35 Low 3 Yes 20 1 190 3.6203 
2 43 High 3 No 13 0 175 7.1841 
2 53 High 0 No 38 1 141 5.269 
2 64 Low 0 No 40 0 169 2.071 
2 74 Low 0 Yes 37 7 279 1.5617 
2 94 Low 0 No 29 1 153 1.9052 
2 104 High 0 Yes 36 2 198 2.381 
2 112 Low 3 No 34 3 162 6.2559 
2 114 Low 3 Yes 27 3 222 4.3576 
2 139 High 3 No 32 1 155 3.4374 
2 160 High 3 Yes 15 0 136 4.4139 
2 170 High 0 No 31 2 151 9.4491 
2 183 High 0 Yes 13 0 195 3.3471 
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Table C-7.  Dry sapling biomass (g) and foliar N content from the May 2003 greenhouse 
harvest (2 pages). 
Tank 
Tree 
ID Hydro Salt Fert Spec Def 
Adv. 
Roots Stems Leaves Roots 
Foliar 
N% 
1 1 A 3 N T N 0.00 71.90 0.00 41.20 . 
1 2 A 3 N T Y 0.00 70.30 0.00 38.50 . 
1 6 A 3 N C N 0.00 83.80 0.00 34.00 . 
1 8 A 3 N C Y 0.00 92.60 0.00 64.00 . 
2 10 L 0 F T N 0.00 505.00 39.12 405.80 2.46 
2 11 L 0 F T Y 0.00 293.30 36.16 294.30 2.1 
2 14 L 0 F C N 0.00 304.00 41.53 303.40 2.3 
2 16 L 0 F C Y 0.00 209.40 4.00 110.60 3.75 
3 18 H 3 F C Y 0.00 135.50 0.00 114.20 . 
3 19 H 3 F T N 0.00 57.30 0.00 37.50 . 
3 20 H 3 F T Y 0.00 78.80 0.00 62.10 . 
3 23 H 3 F C N 0.00 90.50 0.00 57.50 . 
4 26 L 3 N C Y 0.00 118.90 12.02 199.40 2.6 
4 27 L 3 N C N 0.00 87.40 0.00 58.40 . 
4 28 L 3 N T N 0.00 90.40 0.00 69.70 . 
4 32 L 3 N T Y 0.00 143.00 1.37 105.50 2.02 
5 34 L 3 F T N 0.00 81.90 6.00 56.10 2.04 
5 35 L 3 F C Y 0.00 116.20 27.50 101.20 2.26 
5 36 L 3 F C N 0.00 319.00 82.22 254.10 2.69 
5 40 L 3 F T Y 0.00 145.10 18.09 155.10 2.03 
6 41 H 3 N C N 0.00 99.70 0.74 51.90 . 
6 42 H 3 N T Y 0.00 67.50 0.05 49.40 . 
6 43 H 3 N C Y 0.00 90.30 0.00 93.50 . 
6 45 H 3 N T N 0.00 60.10 0.00 28.30 . 
7 49 H 0 N T N 0.00 70.60 4.68 68.50 1.13 
7 50 H 0 N T Y 0.00 108.60 2.96 109.10 1.29 
7 52 H 0 N C N 0.00 140.50 7.36 96.00 1.4 
7 56 H 0 N C Y 0.00 67.20 0.04 61.30 . 
8 58 L 0 N T N 0.00 127.90 0.72 108.60 1.6 
8 59 L 0 N T Y 0.00 91.30 0.92 98.00 1.22 
8 62 L 0 N C N 0.00 103.80 9.71 134.40 1.26 
8 64 L 0 N C Y 0.00 91.80 2.36 145.20 1.41 
9 66 A 0 N C Y 0.00 47.40 1.17 42.00 1.61 
9 67 A 0 N T N 0.00 195.40 6.66 126.10 1.06 
9 68 A 0 N T Y 0.00 86.40 0.68 65.00 1.5 
9 70 A 0 N C N 0.00 55.80 5.40 46.60 1.5 
10 74 L 0 F C Y 0.00 343.00 72.81 308.60 2.13 
10 75 L 0 F C N 0.00 336.00 52.04 256.60 2.66 
10 76 L 0 F T N 0.00 436.40 42.35 379.50 2.88 
10 80 L 0 F T Y 0.00 103.40 9.27 74.70 2.25 
11 82 A 3 F T N 0.00 68.10 0.00 40.70 . 
11 83 A 3 F C Y 0.00 60.60 2.62 45.60 4.66 
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11 86 A 3 F C N 0.00 99.40 9.39 58.30 3.47 
11 88 A 3 F T Y 0.00 106.90 0.88 68.20 3.2 
12 89 L 0 N C N 0.00 152.80 14.06 179.50 1.13 
12 90 L 0 N T Y 0.00 94.30 0.04 114.10 . 
12 92 L 0 N T N 0.00 170.80 0.13 194.40 . 
12 94 L 0 N C Y 0.00 72.90 6.21 129.00 1.42 
13 97 H 0 F T N 11.62 356.40 72.18 188.40 2.11 
13 98 H 0 F T Y 0.00 175.20 22.65 186.70 2.54 
13 100 H 0 F C N 0.00 250.10 80.90 135.10 2.86 
13 104 H 0 F C Y 14.78 260.90 69.16 79.20 2.63 
14 106 L 3 N T N 0.00 34.10 0.00 40.10 . 
14 107 L 3 N T Y 0.00 46.20 2.52 96.00 1.25 
14 110 L 3 N C N 0.00 60.30 0.00 52.20 . 
14 112 L 3 N C Y 0.00 68.90 2.77 93.70 1.74 
15 114 L 3 F C Y 0.00 192.90 36.72 155.70 2.21 
15 115 L 3 F T N 0.00 182.40 14.43 110.80 1.74 
15 116 L 3 F T Y 0.00 177.70 8.31 112.10 2.88 
15 118 L 3 F C N 0.00 366.00 65.12 230.50 2.45 
16 2123 A 3 N C N 0.00 35.60 0.00 43.90 . 
16 124 A 3 N T N 0.00 45.50 0.00 21.20 . 
16 126 A 3 N C Y 0.00 66.90 0.00 38.60 . 
16 128 A 3 N T Y 0.00 55.80 0.00 32.30 . 
17 130 A 0 F T N 0.00 358.80 63.73 327.50 2.18 
17 131 A 0 F C Y 0.03 89.90 0.10 50.40 . 
17 132 A 0 F C N 21.60 185.50 31.04 109.00 2.7 
17 136 A 0 F T Y 0.00 200.80 21.95 298.70 2.01 
18 137 H 3 N C N 0.00 84.30 0.00 39.80 . 
18 138 H 3 N T Y 0.00 48.70 0.00 36.30 . 
18 139 H 3 N C Y 0.00 75.80 0.00 43.20 . 
18 140 H 3 N T N 0.00 51.10 0.00 20.30 . 
19 145 A 3 F T N 1.42 74.90 0.00 49.20 . 
19 149 A 3 F C Y 0.00 61.90 3.79 25.00 2.7 
19 150 A 3 F C N 0.00 96.70 0.00 49.70 . 
19 151 A 3 F T Y 0.00 115.30 0.00 91.60 . 
20 155 H 3 F T Y 0.00 85.90 1.85 54.48 3.44 
20 156 H 3 F T N 0.00 69.20 0.04 49.30 . 
20 157 H 3 F C N 0.00 25.40 0.00 18.40 . 
20 160 H 3 F C Y 0.00 53.60 0.44 25.00 3.94 
21 162 A 0 F C Y 0.00 91.00 12.21 62.70 2.32 
21 163 A 0 F T N 0.00 513.40 87.63 378.60 2.09 
21 164 A 0 F T Y 0.00 254.40 29.67 204.70 2.3 
21 166 A 0 F C N 21.20 279.20 52.47 152.30 2.91 
22 170 H 0 N C Y 0.00 83.90 1.04 62.60 1.61 
22 171 H 0 N C N 0.00 86.60 8.85 60.40 1.52 
22 172 H 0 N T N 30.60 226.30 16.82 91.40 1.1 
22 176 H 0 N T Y 0.00 98.60 4.13 101.10 1.3 
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23 178 H 0 F T N 29.20 505.00 114.30 161.20 1.92 
23 179 H 0 F C Y 0.00 90.00 11.54 67.90 2.34 
23 180 H 0 F C N 5.30 219.30 46.86 149.30 2.94 
23 184 H 0 F T Y 0.46 237.20 34.44 280.50 2.52 
24 185 A 0 N C N 8.21 113.30 12.29 59.20 1.65 
24 186 A 0 N T Y 0.00 121.80 2.66 95.60 1.41 
24 188 A 0 N T N 0.00 173.80 10.09 164.20 1.57 
24 190 A 0 N C Y 0.25 73.10 3.46 56.20 1.15 
 
 
Table C-8.  Raw data for the recovery experiment height (cm) and diameter (mm) 
increase for from May 2003 to December 2003. The mortality categories are C=coppice, 
D=dead, DT=dead terminal (2 pages).  ID values > 200 were replaced in August of 
2002.   
Tank ID HYDRO SALT Fert Spec herb height diameter Mortality 
1 204 F 3 N C N 0 0 C 
1 205 F 3 N C Y 16 3.3 A 
1 207 F 3 N T Y 36 5.8 A 
2 9 L 0 F C Y 10 6.9 A 
2 12 L 0 F T N 9 7.1 A 
2 13 L 0 F C N 9 0.1 A 
2 15 L 0 F T Y 11 4.7 A 
3 21 F 3 F T N 2 10.2 A 
3 222 F 3 F C N 0 0 D 
4 25 L 3 N T N 0 0 D 
4 30 L 3 N C Y 13 2.7 A 
4 31 L 3 N T Y 8 0.8 A 
5 33 L 3 F T Y 0 11.8 A 
5 37 L 3 F T N 56 5.4 A 
5 38 L 3 F C N 2 1.7 A 
5 39 L 3 F C Y 5 2.5 A 
6 244 F 3 N T N 7 8.3 A 
6 248 F 3 N T Y 0 3.8 C 
7 51 F 0 N T N 33 9.9 A 
7 53 F 0 N C Y 1 1.4 A 
7 54 F 0 N C N 6 3.1 A 
7 55 F 0 N T Y 57 8.3 A 
8 57 L 0 N C Y 0 0.3 A 
8 60 L 0 N T N 35 7 A 
8 61 L 0 N C N 4 3.5 A 
8 63 L 0 N T Y 0 1.3 C 
9 65 F 0 N C Y 30 0.9 A 
9 71 F 0 N C N 18 2 A 
9 72 F 0 N T Y 1 7 A 
10 73 L 0 F T N 5.2 A 
10 77 L 0 F C N 3 A 
27 
5.9 
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10 78 L 0 F C Y 15 5.3 A 
10 L 0 F T Y 14 6.5 A 
11 81 F 3 F T Y 0 1.3 C 
11 287 F 3 F C Y 0 0 D 
12 91 L 0 N C Y 65 3.9 A 
12 93 L 0 N T N 21 2.4 A 
12 95 L 0 N C N 11 0.2 A 
12 96 L 0 N T Y 9 8.1 A 
13 99 F 0 F T N 0 11.1 A 
13 101 F 0 F C Y 20 2.3 A 
13 102 F 0 F C N 19 5.1 A 
13 103 F 0 F T Y 64 19.4 A 
14 105 L 3 N C Y 0 0 D 
14 109 L 3 N C N 5 0 D 
14 111 L 3 N T Y 0 0 D 
15 113 L 3 F C Y 1 0 D 
15 117 L 3 F T N 11 4.2 A 
15 119 L 3 F C N 0 0 D 
16 2121 F 3 N T N 16 5.4 A 
16 2122 F 3 N C Y 19 0.8 A 
18 2143 F 3 N C N 0 2.6 C 
19 2146 F 3 F T Y 0 4.2 DT 
20 153 F 3 F C Y 0 0 D 
20 2154 F 3 F T N 4 8.9 DT 
20 2158 F 3 F C N 48 10.4 A 
22 169 F 0 N T N 80 6.9 A 
22 173 F 0 N C N 55 4.5 A 
22 174 F 0 N C Y 1 2 C 
22 175 F 0 N T Y 72 8.3 A 
23 177 F 0 F T Y 20 2.7 A 
23 181 F 0 F T N 54 17.1 A 
23 182 F 0 F C N 18 8.5 A 
23 183 F 0 F C Y 0 0 A 
24 187 F 0 N C Y 10 0.2 A 
24 189 F 0 N T N 54 10.3 A 
79 
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